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MOTIVATION AND OBJECTIVE 
  
 Polyelectrolyte complexation is a rapidly growing field with applications in functional 
multilayer and nanoparticle generation. Polyelectrolyte complexes can be formed by 
consecutive polycation/polyanion adsorption (layer-by-layer self assembly) on the surface to 
get polyelectrolyte multilayer (PEM) films or the mixing of polycation/polyanion in solution 
to get polyelectrolyte complex (PEC) nanoparticles. PEM films and PEC particles are 
interesting and low cost products and their advantages (e.g. biocompatible) result in various 
applications in aqueous solution, especially in biological and biomedical fields. Therefore, the 
objectives in this study are to explore the specific interaction of PEM films and PEC particles 
with relevant probes. Low molecular chiral compounds and proteins are selected as probes to 
study their specific binding behaviour. 
Concerning chiral compounds, due to the rapidly growing demands for preparing 
optically pure compounds in the biomedical and pharmaceutical fields, scientists devote an 
increasing attention to find new enantioseparation techniques. The advantages of 
polyelectrolyte complexes (e.g. high stability, low producing cost, easy preparation) reveal 
that such ultrathin film and particles could be potential candidates for enantioseparation. [1] 
Hence, the first task of this work is to investigate the chiral discrimination using 
polyelectrolyte complexes (PEM and PEC) consisting of chiral polyelectrolytes. 
Homo-polypeptides (e.g. poly-L-lysine) consisting of a chiral amino acid and featuring high 
infrared sensitivity and some synthetic chiral polyelectrolytes are used as chiral selectors in 
the polyelectrolyte complexes to explore the chiral recognition. Low molecular weight 
compounds (e.g. amino acids, vitamins, drugs) are selected as chiral probes for the 
enantiospecific interaction. Further applications of such chiral recognition using PEM are 
explored.  
Concerning proteins, which are biomacromolecules made of numerous chiral amino acid 
units, huge interests are related to their binding under conservation of structure and function.  
Herein, they are chosen for the enantiospecific adsorption on the PEM containing different 
chirality. Because of the increasing interests in exploring new carriers for drugs, proteins and 
DNA, modal proteins are also used to evaluate the binding properties of dispersed 
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polyelectrolyte complex (PEC) nanoparticles. Different PEC systems and different proteins 
are tested and compared.  
  
 The experimental routes to fulfil the objectives of this work are listed in the following 
(Scheme i): 
• Preparation of chiral and non-chiral PEMs using the Layer-by-Layer self assembly 
technique, which are recorded and analysed by ATR-FTIR and AFM. 
• Enantiospecific interaction of chiral probes, e.g. amino acid, vitamin, drug and protein 
on the PEMs. ATR-FTIR is the main analysis method for the evaluation of 
enantiospecificity. 
• Preparation of chiral and non-chiral polyelectrolyte complex (PEC) nanoparticles 
using mixing and centrifugation refinement technique. DLS, CD, titration etc. are 
applied for the characterization. 
• Enantiospecific interaction of low molecular weight chiral probes to PEC dispersions 
and protein binding to PEC dispersions. DLS and CD are the main methods for 
detecting the uptake of chiral probes and proteins.  
 
Layer-by-Layer
depostion
Mixing and
centrifugation 
L
L
L
L
L
D
D
L
D
L-Form probe
D-Form probe
+
L
L
L
L
L
L
L
L
L
L
D
D
D
P
P
P
P
P
P
P
P
P
P P
P
P
P
P
P
P
+ Protein P
+
Polycation
Polyanion
 
Scheme i. Overview of the experimental routes in this work. 
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CHAPTER 1   INTRODUCTION AND THEORY 
 
1.1 Definition, properties and applications of polyelectrolytes 
 Polyelectrolytes (PEL), by definition, are macromolecular species, which have repeating 
units bearing charged groups. These groups dissociate in the aqueous solution (water) forming 
a positively or negatively charged polymer chain and oppositely charged low molecule 
counterions. According to the types of electrolyte group, PEL can be classified into three parts, 
cationic PEL, anionic PEL and zwitterionic PEL. Poly(ethyleneimine), poly(L-lysine), etc. 
belong to cationic PEL; poly(acrylic acid), alginic acid etc belong to anionic PEL; proteins 
belong to zwitterionic PEL. PEL also can be further classified into: strong PEL, e.g. 
poly(vinylsulfate), whose charge is pH independent and weak PEL, e.g. poly(L-lysine) whose 
charge is pH dependent. As another classification, Integral and Pendant PEL, are considered, 
differing in the positions of their ionic groups in the polymer chain: back bone or side chain.  
 
 
Fig. 1-1 Scheme showing the effect of ionic strength on the shape of a polyelectrolyte 
molecule in solution. 
 
 Polyelectrolytes, in the low ionic strength solution, tend to be in an extended and 
uncoiled form due to the intramolecular repulsive interaction between the charged monomeric 
unit. On the other hand, when the ionic strength is increased, polyelectrolytes tend to be more 
coiled due to the screening effect on the charged monomers by the presence of small salt 
coions in the solution as is shown in figure 1-1. This special physical property is of 
experimental importance for many applications and also the following study, since it may 
cause different degrees of thickness or size, [2] stability, [3] swelling, [4,5,6] morphology [6] for 
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consecutively adsorbed polyelectrolyte multilayers (PEM) and for polyelectrolyte complex 
dispersions (PEC), respectively. 
 
1.1.1 Physical properties of polyelectrolytes in the solution 
The electrostatic force between two point electric charges is directly proportional to the 
product of the magnitudes of each charge and inversely proportional to the square of the 
distance between the charges, which is expressed in Coulomb’s law:  
2
2
4 r
qFc πε=          eq.1-1 
where q is the charge, r is the separation of the charges and ε is the electric constant. A 
positive force implies a repulsive interaction, while a negative force implies an attractive 
interaction. The electrostatic energy is correspondingly defined as 
r
qU c πε4
2
=          eq.1-2 
In the dilute polyelectrolyte solution, the charge is high, the molecular chain is stretched by 
the repulsive electrostatic interactions between charged units. In the presence of concentration 
cs of added salt, the coulombic interaction between two charges at a distance r is given by the 
Debye-Hückel potential  
)exp()exp()( r
r
kTlrUrU Bc κκ −=−=       eq.1-3 
 The Debye screening length (κ−1) is reciprocally proportional to the square root of salt 
concentration:  
κ−1 = (8πcslB)-1/2        eq.1-4 
In the absence of added salt, the Debye-Hückel interaction reduces to the standard Coulomb 
interaction.  
Bjerrum length (lB) is the fundamental length scale between two charges when the 
electrostatic interaction is comparable in magnitude to the thermal energy scale, kT, 
Bl
qkT πε4
2
=          eq.1-5 
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kT
qlB πε4
2
=          eq.1-6 
in the case of water at room temperature (298K), the Bjerrum length lB is ca. 0.7 nm. In the 
polyelectrolyte solution, the length between two charged monomers in the macromolecular 
chain is defined as effective length (lEFF). The charge density (ξ) of polyelectrolyte in the 
solution is defined as the ratio between Bjerrum length and effective length.  
EFF
B
l
l=ξ          eq.1-7 
so if ξ > 1, the molecule chain is stretched, while if ξ < 1, the molecule chain tends to be 
coiled.  
 
1.1.2 Polypeptides 
 Polypeptides are macromolecules made of amino acids linked by peptide bonds. Charged 
polypeptides are weak polyelectrolytes whose charge density show a strong dependence on 
the pH value, e.g. poly(lysine), poly(glutamic acid). Charged polypeptides containing cationic 
and anionic charges have isoelectric points and their properties in aqueous solution are in 
dependence on their amino acid composition. 
 The key feature of polypeptides is their ability to form secondary structures. It is known 
from protein research that various sequences of amino acids show a preference to adopt a 
certain type of secondary structure, e.g. α-helix or β-sheet. Both types are stabilized by 
internal hydrogen bonds formed between the CO- and -NH groups in the molecular backbone 
chain. Another possible conformation of polypeptides in aqueous solution is random coil, 
however, pH value or other factors can induce the formation of α-helix or β-sheet. 
Poly(L-lysine), as an example, can form α-helix at pH 10 or higher when the ammonium 
groups are fully deionized and adopt β-sheet when the temperature of α-helical Poly(L-lysine) 
solution is increased to 50°C. In solution, the interactions between the solvent and the solute 
and between the solvent molecules are important for the conformation of polypeptides. ClO4-, 
a chaotropic anion in the Hofmeister series, can stabilize the α-helical conformation of 
Poly(L-lysine) at any pH value in a distinct temperature range as well as other water structure 
breaking anions like SCN- and I- [7,8], while the water structure forming anions, like SO42-, do 
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not induce the α-helical conformation. This phenomenon is due to the charge screening effect 
and ionic pair formed between ammonium groups and ClO4-, while SO42- may cause an excess 
charge along the polymer chain.  
 
1.1.3 Applications of polyelectrolytes 
 Polyelectrolytes, like proteins, polypeptides, nucleic acids, play essential functions in 
human physiology and metabolism. On the other hand, polyelectrolytes have wide 
applications in chemical science and engineering, especially in colloids, surface, interface 
fields. For example polyelectrolytes are used in the health and personal care industry as 
thickening reagents, [ 9 ] rheology modifiers [ 10 ] and viscosity enhancers for shampoos, 
conditioners, deodorants and body lotions. [11] They are also used in water treatment, [12] waste 
treatment, [13] sludgy dewatering [14] and the pulp/paper industry as retention aids as well as 
flocculation and coagulation agents for solid-liquid separations. Other polyelectrolytes are 
used as additives to alter the physical properties of aqueous products. Additionally, they are 
added to many foods. Some of the polyelectrolytes that appear on food labels are pectin, 
carrageenan, alginates, polyvinylpyrrolidone derivatives and carboxymethyl cellulose 
derivatives. [15] They are also used in a variety of materials, including cement. [15] Finally, 
water soluble polyelectrolytes are used in the biochemical and medical engineering field, such 
as: implant coating, drug delivery and release etc. 
 
1.2 Polyelectrolyte multilayers  
 The first nano scale multilayer systems were Langmuir-Blodgett (LB) films named after 
their inventors in the 1920s. [16] LB films contain one or more monolayers of an organic 
material, deposited from the surface of a liquid onto a solid by dipping a solid substrate into 
and out of a solution of surface active molecules. The monolayers are usually composed of 
polar molecules with a hydrophilic head and a hydrophobic tail. A monolayer is added with 
each dipping in and drawing out step, thus films with very accurate thickness can be formed. 
However, the disadvantage of Langmuir-Blodgett films is also obvious: the interaction 
between molecules and solid surface or between two molecular layers is based on weak 
Van-der-Waals forces. Therefore LB films are unstable against external influences like: 
Introduction and Theroy                                                                 
 
 7
heating, aging, chemical and pressure treatment. Other disadvantages of LB films are the 
requirements of expensive preparation equipments and restricted substrates: smooth, 
homogenous and regular shape. Additionally, it is a very slow technique. [17] 
 For preparing more stable films which are easy to handle, techniques based on 
self-assembly concept were developed. In 1946, Zisman, firstly, prepared monolayer on a 
clean metal surface using surfactants. [18] In 1980, Sagiv developed a self-assembly film using 
octadecyltrichlorosilane on the silicon surface by covalent binding. [19] In 1983, Nuzzo and 
Allara built a self assembly monolayer on the gold surface by adsorbing organic disulfides 
from the dilute solution. [20] These pioneer works brought the possibility to prepare stable, 
high ordering films by chemical adsorption.  
 
1.2.1 Layer by Layer self assembled polyelectrolyte multilayers 
 In 1966, Iler [21] announced that a colloid particle film could be obtained by dipping a 
charged solid substrate, like glass, into an oppositely charged colloid particle solution, such as 
silica or alumina. But such self assembly film which were driven by electrostatic interaction 
did not attract too much attention by scientists. In 1991, Decher and his coworkers reported a 
new method to prepare multilayer systems using electrostatic interaction between two 
oppositely charged polyelectrolytes, [ 22 , 23 , 24 ] which was called LBL (layer-by-layer) 
self-assembly technique. Since then, research in this field has attracted more and more 
attention of scientists across the academic and industrial fields. Now, there are more than 
2000 papers published in this field till 2007. [25] This technique involves alternating dipping of 
a substrate or a solid support into two oppositely charged polyelectrolyte solutions followed 
by rinsing steps to remove loosely bound material. Figure 1-2 shows a diagram detailing the 
layer-by-layer self-assembly process. Although high ordered films, like those prepared by the 
LB technique, can not be prepared by the LBL technique, numerous advantages of the LBL 
technique prevail for purposes in academic researches, as well as industrial applications. 
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Fig. 1-2 Schematic process of polyelectrolyte multilayer buildup.  
 
 (1) Simplicity of preparation. Given substrates are immersed into the oppositely charged 
polyelectrolyte solutions respectively for a short time and followed by rinsing steps. The 
spray technique [26] and spin coating [27] were proposed to speed up the multilayer buildup.  
No expensive and complicated equipments are necessary, like vacuum setup or even heating 
setup.  
 (2) Variability of depositing materials. The materials include not only polyelectrolytes, 
but also other charged materials such as: charged small organic molecules, [ 28 ] 
organic/inorganic particles, [29,30] clay, [31] protein, [32] DNA, [33] virus, [34] enzyme [35] etc..  
(3) Variation of substrates. Any charged material, e.g. silicon, gold, platinum, plastic, 
glass, quartz, stainless steel, nanoparticles, blood cells, colloid particle etc., can be used as the 
deposition substrate. Even uncharged materials, like PTFE [36], were reported as substrates.  
 (4) Variability of substrate shape. Unlike the LB technique, there is no restriction for the 
shape of substrate. Substrate bearing any complicated shape can be used if the interacting 
surface of substrate touches the solution. 
 (5) Good stability. Due to the properties of strong electrostatic interaction between 
molecular chains and of entanglement, the multilayers display a high stability against solvents, 
temperature, pH etc.. 
 (6) Easy variation of the thickness. Generally, the thickness of the monolayer is 
approximately 0.2 – 10 nm, furthermore, the thickness of the monolayer can also be changed 
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by varying the parameters of the solution, such as: pH, concentration, ionic strength and 
deposition time. So the thickness of multilayer thin film, which is composed by several 
monolayers using LBL technique, can be very precisely controlled by varying the deposition 
layer numbers and conditions. 
(7) Variation of interaction type. With the development of LBL technique, besides the 
PEM based on the electrostatic interaction,[24] the PEMs based on other type interactions were 
prepared: the PEM based on coordinate binding,[37] based on covalent binding, [38] based on 
hydrogen binding, [39] based on charge transfer [40] etc.. 
 
1.2.2 Formation of polyelectrolyte multilayers  
 Polyelectrolyte multilayers (PEM) are prepared by consecutive adsorption of polycations 
and polyanions from aqueous solutions with intermittent washing steps (figure 1-2). The 
cleaned substrate (e.g. glass, silicon, quartz) is dipped into the polyelectrolyte solution for a 
short time, then it is rinsed with solvent (water) followed by a dip in the oppositely charged 
polyelectrolyte solution. This one polycation/polyanion layer is called double layer or bilayer 
which is denoted as PEM2 in this dissertation. The films are dried either after a certain 
adsorption step or at the end of the whole preparation under a gas stream. Various methods, 
e.g. UV/Vis spectroscopy,[41] quartz crystal microbalance (QCM),[42] X-ray reflectometry, [43] 
surface force microscopy (SFM),[ 44 ] Attenuated Total Reflectance - Fourier Transform 
Infrared spectroscopy (ATR-FTIR), [45] or ellipsometry, [46] were applied to measure the 
formation and properties of PEMs. The main interaction type for PEM formation is 
electrostatics. Other interaction types like hydrogen bonds [47] and hydrophobic interaction can 
also play a role. According to the relation between PEM thickness and deposited layer 
numbers, two different processes, linearly or exponentially dependent, for PEM growth are 
found. The growth of PEMs, e.g. poly(allylamine hydrochloride)/poly(styrenesulfonate) 
(PAH/PSS) and poly(diallyldimethylammonium chloride) / poly(styrenesulfonate) 
(PDADMAC/PSS) deposited under the low ionic strength condition, linearly depends on the 
deposited layer numbers and PEMs exhibit high density and homogenous film, [48] while 
PEMs, e.g. PAH/PSS deposited under high ionic strength condition, poly(L-lysine) 
/poly(glutamic acid) (PLL/PGA) etc., show exponential dependence on deposited layer 
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numbers. [49] Although most PEMs with exponentially growing behavior associate with 
quickly increased surface roughness, exponentially growing PEMs with low roughness are 
also existing, which is explained by “in” and “out” diffusion mechanism. [49,50] During 
exponentially growing of PEM, at least one of the polyelectrolytes constituting PEM is the 
diffusing species. More precisely, the polycation is assumed as the diffusing species. When 
the PEM ending by a polyanion layer is immersed in the polycation solution, the polycation 
chains first diffuse toward the film and strongly interact with the outer negative layer of the 
film, to form polyanion/polycation complexes. However, in contrast to what happens for 
linearly growing films, polycationic chains diffuse into the film, over its whole thickness. 
These chains do not interact strongly with the polyanions inside the film and are called “free 
polycations”. During the rinsing step, a fraction of these free chains diffuses out of the film, 
but not all of them because of the presence of a positive electrostatic barrier at the 
film/solution interface. When the film is then brought in contact with a polyanion solution, the 
polyanions interact with the outer positive charges, reversing the sign of the outer excess 
charge of the film. This allows the remaining free polycation chains in the film to diffuse out 
of it. As soon as they reach the film/solution interface, they are complexed by the polyanions 
from the solution and these complexes form the new outer layer of the multilayer. 
In constructing a multilayer, various potential parameters, e.g. time, temperature, 
polyelectrolyte type, polyelectrolyte molecular weight, polyelectrolyte concentration, salt 
concentration, pH, solvent type etc., can affect the formation. Since almost all work is 
performed with high molecular weight polyelectrolytes at room temperature in aqueous 
solution, the other parameters which mainly affect the electrostatic interaction are discussed in 
detail: 
 Effect of charge density According to studies in the literature [23], one of these 
parameters is the polymer charge density, which determines whether multilayer formation can 
take place or not. For example: when the percentage of DADMAC in the copolymer 
P(DADMAC-stat-NMVA) exceeds 68% (the ratio of charged to neutral groups), the 
multilayer can be formed between the copolymer and PSS. [51] The charge density also can 
affect the conformation of polyelectrolyte, the fully charged molecular chain is more stretched, 
which is favorable to get thinner multilayer. For weak polyelectrolytes, which couldn’t be 
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fully dissociated in solution, the multilayer formation strongly depends on the pH value.  
 Effect of ionic strength The concentration of salt (NaCl) in the polyelectrolyte solution 
has a profound influence on the adsorbed amount and the thickness of multilayer. In general, 
the adsorbed amount and thickness increase with increasing the salt concentration, which can 
be explained by the effect of charge screening. In the solution of low ionic strength, the 
charges in the polyelectrolytes chain repel each other and the polyelectrolytes are stretched 
(large radius of gyration). After adsorption, nearly all segments of the molecular chain can lie 
along the surface. However further adsorption of PEL is prevented due to self repulsion. With 
increasing ionic strength the charges in the polyelectrolyte chain are screened and the 
polyelectrolytes become more flexible and coiled. Therefore, polyelectrolytes are adsorbed in 
thicker layers on the surface. Additionally, less self repulsion prevails and more 
polyelectrolytes can be adsorbed in a loose way. The increased polyelectrolyte coiling is also 
reflected in the interfacial roughness, which can be measured by some methods.[44] The 
dependence of the film thickness on the ionic strength was reported as linear function [44,2] but 
also proportionality to the square root of the ionic strength was reported.[46] 
 Swelling and smoothing The tightly bound PEMs tend to expand as ions and H2O 
molecules enter the film in the salt solution. Such swelling behavior was measured by X-ray, 
[52] and AFM [6]. The different swelling behavior strongly depends on the association degree of 
oppositely charged polyelectrolyte segments. Polymer pairs, which form more hydrophobic 
complexes, are expected to associate more strongly in contact with aqueous solutions and 
would thus be less prone to swelling by salt. The whole swelling procedure is reversible and 
reproducible, and it is accomplished in a very short time. [53] Additionally, the exposure of 
freshly prepared polyelectrolyte multilayer to salt solutions can cause a significant decrease of 
surface roughness. [6] Smoothing of the surface was especially rapid in the solution of high 
salt concentration, which was explained by the fact that higher salt concentrations could 
enhance the mobility of charge-paired polyelectrolyte chains and melt ‘frozen’ segments.  
 
1.2.3 Driving force and phase diagram for polyelectrolyte multilayers. 
The driving force in the formation of polyelectrolyte multilayer is the release of 
counterions. When one polyelectrolyte molecule is adsorbed on the surface of existing 
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polyelectrolyte multilayer, the small salt counterions are released from the surface of the 
multilayer, which increases entropy S according to second law of thermodynamics. A 
schematic stability diagram of polyelectrolyte multilayer was recently suggested by Cohen 
Stuart [54], which considers the effect of the mole fraction of positively charged polyelectrolyte 
species, f+, and the concentration of coions (salt) (figure 1-3). With the increasing of salt 
concentration, the region of composition L which is indicated as the insoluble multilayer in 
the liquid state narrows down. For the small f+ and high f+, the region L’ of negatively charged 
soluble polyelectrolyte complex and the region L’’ of positively charged soluble 
polyelectrolyte complex are visible. When the salt concentration is beyond the critical salt 
concentration ccr, no more complexation occurs (region S).  In principle, during the 
multilayer buildup process, the f+ value move either toward 0 or toward 1, depending on the 
polyanion or polycation solution. Thereby at low and high f+ values the PEM should be 
dissolved from thermodynamic reasons forming polyelectrolyte complexes in the surrounding 
volume phase. Without salt or with the salt lower than cg, the glassy state occurs for the 
multilayer, where no dissolution happens.  
 
 
Fig. 1-3 Schematic representation of the stability diagram of an adsorbed multilayer 
consisting of oppositely charged polyelectrolytes, (PAMA/PAC). Region L: multilayer in the 
liquid state; region G: the glassy state; L’ and L’’: soluble polyelectrolyte complexes; region S: 
no complexation occurs.[54] 
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1.2.4 Applications of polyelectrolyte multilayers  
 Since the birth of the Layer-by-Layer deposition technique, more and more scientists in 
the academic and industrial fields are attracted by this simple method. The advantages of 
polyelectrolyte multilayer, easier preparation and higher stability, make it more popular and 
dominative over LB films in preparing ultrathin films of controlled thickness and molecular 
arrangement. Numerous applications of LBL technique, e.g. surface modification, [55,56,57] 
patterning, [58,59] sensing, [60,61] colloid capsules, [62,63] chromatography coating, [64] light 
emitting device [65] etc., were reported. At the 223rd ACS National meeting, held April 7-11 
2002 in Orlando, the first commercial product, a contact lens from CIBA-Vision, was 
announced available on the market. Yasa-sheet, manufactured in Shiratori NanoTechnology 
Co., is another commercially available product that is based on LbL technique. Yasa-sheet is 
made of alternating layers of chitosan and an enzyme-containing liquid extracted from bamboo. 
The protective wrapper works by suppressing the ethylene gas emission from foods.  
PEM can be also used as membranes or for membrane modification. [66,67] The earliest 
applications of LBL multilayers on membrane modification were reported in 1997: [68,69] a 
pH-switchable polyelectrolyte multilayers modified membrane [68] and a PAH/PSS modified 
membrane for gas separation. [69] After that, Bruening et al. used polyelectrolyte multilayers 
as anticorrosion film for protecting the membrane. [70] Then, more and more papers were 
published applying this LBL technique on membranes for the separation of ions,[71,72,73.] 
liquids,[74,75,76] gases,[77] enantiomers, [1] amino acids,[78] proteins, [79] and drugs. [80]  
 
1.3 Polyelectrolyte complex nanoparticles 
 Polyelectrolyte complexes are referred to a class of polymeric compounds consisting of 
oppositely charged polyions. Polyelectrolyte multilayer is one example on the surface scale, 
while polyelectrolyte complex nanoparticles (PEC) are another example in the field of 
dispersions. In the early 1930s, the phase separation and the formation of liquid coacervates 
were observed, [81,82] when two oppositely charged natural polyelectrolytes (e.g. polycation: 
gelatin and polyanion: gum arabic) were mixed under certain conditions. In the 1960s, the 
insoluble polyelectrolyte complexes were found and the properties were studied by Michaels 
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A.S. and his coworkers. [83,84] They found that the mixing of sodium poly(styrene sulfonate) 
and poly(vinyl benzyl trimethyl ammonium) chloride could yield an insoluble precipitate 
containing almost exactly stoichiometric proportions of its components. This material is 
infusible and insoluble in all common solvents. Such precipitated complexes have various 
applications on the industrial scale, e.g. hydrophilic soil binders, slag waste. [85] With the 
development of soluble polyelectrolyte complex, [86,87] a new class of particles and new range 
of potential applications appeared: mainly in Biotechnology, medicine and biomimetics. 
[ 88 , 89 , 90 ] and modern techniques (e.g. light scattering, viscometry, GPC) were used to 
investigate the properties 
 
1.3.1 Formation of dispersed polyelectrolyte complexes  
The simplest way to prepare polyelectrolyte complex nanoparticles is by mixing 
polycation and polyanion solutions. The formation of polyelectrolyte complex nanoparticles 
in solution has a similar driving force as the formation of polyelectrolyte multilayer, but the 
phase separation of polyelectrolyte complex nanoparticle in solution is much more 
complicated: unlike the phase diagrams of polyelectrolyte multilayer, fan-shape phase 
diagrams were obtained for the several different polyelectrolyte complex systems.[91] From 
the thermodynamic point view (ΔG = ΔH - TΔS), the formation of polyelectrolyte complex is 
driven by the gain of entropy (ΔS > 0). [92,93] The process of polyelectrolyte complex 
formation can be either endothermal (ΔH < 0) [94] or exothermal (ΔH  > 0). [92] With 
increasing the ionic strength, ΔH decreases which is caused by the salt screening effect.  
A model based on Debye-Hückel theory was proposed [95] to discuss the weakly charged 
polyelectrolyte complexation. The complex is in equilibrium with a very dilute phase 
containing salt, however and therefore the osmotic pressure of the complex is equal to the 
osmotic pressure of the simple polyelectrolyte dilute phase. The osmotic pressure difference 
between the two phases has two contributions, an excluded volume contribution and an 
electrostatic contribution. In the θ solution, the excluded volume pressure is written as 
32
3
cwkTev =∏Δ         eq.1−8 
where w2 is the third virial coefficient, c is the total polymer concentration. The electrostatic 
osmotic pressure can be written as 
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at the equilibrium, the concentration in the complex is 
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Polyelectrolyte complex formation leads to very different structures, depending on the 
characteristics of the components used and the external conditions of the reaction. Two 
models, ladder-like structure and scrambled-egg structure, were discussed in the literature. [96] 
The pioneering works of groups of Kabanov [97,98] and Tsuchida [99,100,101] who systematically 
studied the soluble polyelectrolyte complexes showed that under appropriate salt conditions, 
the complex formation between polyions with weak ionic groups and significantly different 
molecular weight in non-stoichiometric systems resulted in soluble complexes. The 
preparation and mechanism of the stable polyelectrolyte complex nanoparticles with defined 
size and shapes were reported by using centrifugation technique. [102,103,104]  
 
 
 
Fig. 1-4 Schematic process of the formation of polyelectrolyte complex by mixing solutions 
of a polycation and a polyanion. 
 
Structure of polyelectrolyte complex The polyelectrolyte complex formation in a 
diluted concentration resulted in stable dispersions of complex particles when 
non-stoichiometric mixing ratios are used (figure 1-4). Flocculation occurs only at a certain 
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ratio of the polyelectrolyte components and the particle size depends on the ratio of 
polyelectrolyte complex and polymer concentration. This dispersion of spherical particles was 
studied by static and dynamic light scattering. [105,106]  Results suggested that the spherical 
PEC particles consisted of a charge neutralized core covered by an electrostatic stabilizing 
shell of the excess component, and the structure of PECs changed only slightly with the 
mixing molar ratio. In salt-free conditions particle mass Mw and radius R increased 
significantly with rising polyelectrolyte concentrations, [106] while varying the molecular 
weight of polyelectrolyte did not reveal systematic changes. [107]  
Influencing factors The charge screening effect of salt can weaken the electrostatic 
interaction and enables rearrangement processes, which means the salt plays a crucial part in 
the formation of highly aggregated and soluble polyelectrolyte complexes. For 
PDADMAC/PSS systems, the presence of small amount of NaCl in the starting 
polyelectrolyte solutions leads to a decrease of the aggregation level, while a higher salt 
content leads to a higher degree of aggregation, as well as the mass and size of PECs. [108] 
When the concentration of salt is above a critical concentration, a macroscopic flocculation 
occurs. In contrast to the PEC formed in the pure water, a remarkable increase in the 
aggregation degree with increasing the mixing molar ratio is observed. The behavior of PEC 
systems, after the complex formation, on the addition of salt is very different, and depends on 
the properties of polyelectrolytes. [94,106] In the complexation between PDADMAC and PSS, 
the dissolution does not occur up to an ionic strength of 4 M, and the structure density 
remains nearly constant. In the complexation between branched PEI and 
poly(acrylate-co-acrylamide), the polyelectrolyte complex particles disaggregate slowly with 
rising salt concentration and no significant structural changes can be observed.[106] In the 
complexation between poly(sodium acrylate) and poly(N-methyl-N,N-diethylammonio- 
ethylacrylate), the addition of salt leads to strong aggregation and swelling of the 
polyelectrolyte complex particles up to a certain critical concentration of NaCl. Above this 
critical concentration the particles disaggregate, reaching the molecular level. This 
disaggregation is connected with a structural transition from compact spheres to Gaussian 
coils.[106] 
The complexation of two components with nearly the same charge density results in the 
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formation of stable complex particles in pure H2O. Systems with high charge density show 
that the size and internal structure of PECs have a slight dependence on the degree of 
conversion (the ratio of the added amount of the oppositely charged PEL to the total amount 
at the flocculation point), while systems with low charge density show strong dependence on 
the degree of conversion. The critical salt concentration of flocculation also depends strongly 
on the charge density of the components. [109] The complexation of two components with 
different charge density produces highly aggregated particles in a narrow composition range.  
 
1.3.2 Applications of PECs in solution 
 Polyelectrolyte complex particles can be prepared in a desired range of mass, size and 
structure density by varying external parameters such as ionic strength, pH value or 
temperature. Therefore such complexes will be of great interests as potential carrier systems 
for drugs, [110] enzymes, [111] genes. [90] The PEC particles also could be used as novel coating 
systems and film formers like latex based ones.[112,113] 
 
 
1.4 The theory of chiral separation and the current applications 
1.4.1 Definition of chirality  
 The term chiral is used to describe an object that is non-superimposable on its mirror 
image. It was first reported in 1815 by the French physicist Jean-Baptiste Biot. One simple 
example of the chirality is human hands: the left hand is a non-superimposable mirror image 
of the right hand; no matter how the two hands are oriented, it is impossible for all the major 
features of both hands to coincide. In the context of chemistry, the chirality refers to 
molecules, most chiral molecules contain one or more stereogenic centers which are carbon 
atoms bonded to four different groups (figure 1-5). These two mirror images which are 
non-superimposable onto each other are called enantiomers or optical isomers. The mixture of 
the same amounts of two enantiomers is named as racemate which is non-optically active. 
Only the solution or mixture containing the excess of one enantiomer is optically active.  
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Fig. 1-5 Schematic view of chirality of amino acid.[114] 
 
 There are generally three nomenclature systems for the chirality. The first is by 
configuration (R-/S-): It labels each chiral center R or S according to a system by which its 
substituents are each assigned a priority, which is based on the Cahn Ingold Prelog priority 
rules. The second is by optical activity (+/-): An enantiomer can be named by the direction in 
which it rotates the plane of polarized light. If it rotates the light clockwise which is viewed 
towards whom the light is traveling, that enantiomer is labeled (+), the other is labeled (−). 
The third is by configuration (D-/L-): the enantiomer is compared with D-/L- labeled 
glyceraldehyde and named as the analogous structure. 
 
1.4.2 Significance of chiral separation 
 The separation of different enantiomers of the same compound is the critical step in 
producing enantiomerically pure molecules. This procedure is particularly important in the 
drug and pharmaceutical industry. The reason of that is the different properties of two 
enantiomers, one enantiomer is the effective drug while the other enantiomer might be useless 
or even toxic. Thalidomide, as an example, is racemic and was mainly sold and prescribed to 
pregnant women during the late 1950s and early 1960s, as an antiemetic to combat morning 
sickness and as an aid to help them sleep. This is the contribution of one enantiomer of 
thalidomide, but the other enantiomer is teratogenic and causes birth defects. Vitamin C is 
purely L-form ascorbic acid, while the D-from ascorbic acid has no physiological significance. 
In the biologic system most of the molecules are of the same chirality: most amino acids are 
L-form and sugars are D-form. Because of such chirality, living organisms show different 
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biological responses to one of two enantiomers in drugs, pesticides, or waste compounds etc. 
and enzymes can distinguish and capture the useful substrate from the two chiral enantiomers. 
There are two ways to achieve uniform optical drugs: 1) via enantioselective synthesis of the 
pure enantiomer and 2) via enantioseparation of the racemate. For better understanding the 
research in this dissertation, the second way to get the optical pure compound will be 
explained in detail.  
 
1.4.3 Methodology of chiral separation 
 The first chiral separation in the history, which laid the foundation for stereochemistry, 
was reported in 1848 by Louis Pasteur.[115] Because of the hemihedral facets on the crystals of 
racemic sodium ammonium tartrate, he was able to separate the mirror image crystals of the 
enantiomers by the use of a magnifying glass and tweezers. He introduced and advanced the 
technique of resolution via diastereoisomer formation. For more than one century, scientists 
have invented various chiral separation methods which are mainly based on this spontaneous 
diastereoisomer separation. In 1866 Gernez [116] reported the first preferential crystallization 
enantioseparation technique. In 1900, the Russian botanist Mikhail Semyonovich Tsvet first 
invented the chromatography technique. After the partition chromatography was invented by 
Archer John Porter Martin and Richard Laurence Millington Synge in 1952, the 
chromatographic methods become a powerful technique in the analysis and separation fields 
and benefit chiral separation subsequently. Several methods, such as: high-performance liquid 
chromatography (HPLC); supercritical fluid chromatography (SFC); gas chromatography (GC) 
and thin-layer chromatography (TLC), were invented and applied to chiral separation in the 
past three decades. More recently, capillary electrophoresis (CE) and capillary 
electrochromatography (CEC) have been shown to be powerful alternatives to the 
chromatographic methods. Chiral amplification phenomenon found by Yashima [117] shows the 
novel passage for the chiral separation. Polypeptides, especially poly(glutamic acid), were 
also applied to the enantioselecitve binding of amino acid in aqueous solution [118] and surface 
[119,120]. 
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1.4.3.1 Crystallization 
 The optically pure compound could be obtained via physical (preferential crystallization) 
or chemical (diastereomeric salt formation) methods. The preferential crystallization works 
depending on the difference in strength of the intermolecular interactions between 
enantiomerically hetero- and homo- chiral pairs of the racemates, and it is only valid for the 
conglomerate. But only 5 to 10% racemates belong to the conglomerate, while the other 90 to 
95% racemates are racemic compound. Fortunately, the racemic compounds could be 
transformed into conglomerate after attaching external compounds.[121,122] The chemical 
crystallization method depends on the difference in solubility of the diastereomeric complexes 
formed from a racemate and a resolving agent. One diastereomeric complex can be purified 
by repeated recrystallization and uncomplexed to get one of the pure enantiomer. [123] 
 
1.4.3.2 Chromatographic methods 
 Chromatographic enantiomer separations can be carried out either indirectly by using 
chiral derivatization reagents to form diastereomeric derivatives or directly by using chiral 
selectors.  
 Indirect separation In the indirect method, a racemic mixture is made to react with a 
chiral reagent to form a pair of diastereoisomers which is then chromatographed using an 
achiral column. Because of the different physiochemical properties of diasteroisomers, they 
can be separated in the achiral environment. There are several advantages: (1) less expensive, 
i.e., conventional chromatographic columns can be used; (2) flexible, because various achiral 
columns and mobile phase conditions, as in HPLC, can be used; (3) numerous types of 
derivatization chemistry are available and the cost of each reagent may be less expensive than 
for a chiral column; and (4) different selectivities can be achieved. On the other hand, the 
disadvantages of this method are: (1) long analysis time that include sample preparation and 
verification of the derivatization chemistry; (2) inconvenience, specifically in preparative 
chromatography, when reversal of derivatization is needed to recover the pure enantiomers; (3) 
the need to synthesize non-commercially available pure derivatizing reagent; and (4) biased 
results for enantiomeric composition due to partial racemization of derivatizing agent or 
unequal reaction rates. 
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Tab. 1-1 List of commercial CSP products. 
Type of CSPs Products Suppler  
Ligand exchange Chiralpak® WH / Chiralpak® MA 
HPTLC-CHIR® 
Dacial 
Merck 
Polysaccharide Microcrystalline cellulose triacetate (CAT-1) 
Cellulose tris(4-methylbenzoate)  
(Chiralcel® OJ) 
Cellulose tris(3,5-dimethylphenylcarbamate) 
(Chiralcel® OD) 
Amylose tris(3,5-dimethylphenylcarbamate) 
(Chiralpak® AD) 
Merck 
Dacial 
 
Dacial 
 
Dacial 
Cyclodextrin (CD) Native β-CD (Cyclobonde I 2000) 
Acetylated β -CD (Cyclobonde I 2000 AC) 
3,5-Dimethylphenyl carbamoyl- β -CD         
(Cyclobonde I 2000 DMP) 
Native γ-CD (Cyclobonde II) 
Astec 
Astec 
Astec 
 
Astec 
Crown ether Crownpak® CR Dacial 
Protein Chiral-AGP® 
Chiral-HSA® 
ChromTech 
ChromTech 
Donor-Acceptor 3,5-Dinitrobenzoyl-phenylglycine (DNBPG) 
3,5-Dinitrobenzoyl-N-undecanyl-1,2-diphenyl- 
1,2-diamine (ULMO) 
Regis Technologies 
Regis Technologies 
Ion-exchange Quinine and Quinidine tert-butylcarbamate  
(Chiralpak® QN-AX / QD-AX) 
Chiral Tech. Europe
 
Direct separation In the direct method, enantiomeric separation is accomplished by 
the formation of a pair of transient diastereoisomeric complexes between racemic analyte and 
the chiral mobile phase additive or the chiral stationary phase (CSP) where the chiral selector 
is adsorbed or bonded. Advantages of this technique are following: (1) less expensive 
conventional LC columns can be used; (2) a wide variety of possible additives are available; 
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and (3) different selectivities from the chiral phases can be obtained. However, the problems 
with this technique include: (1) many chiral additives are costly, and sometimes, have to be 
synthesized; (2) the mode of operation is complex, and (3) inconvenient for preparative 
applications because the chiral additive must be removed from the enantiomeric solutes. 
  At present, there are hundreds of different CSPs for chromatographic methods are 
available. Several types CSPs are listed in the table 1-1 . Besides these commercial CSP 
products, several new CSPs, e.g. molecularly imprinted polymer, [124,125] Aptamer type, [126] 
were published in the literature, as well as the LBL self-assemble coating CSP. [1] 
 
1.4.3.3 Membrane permeation 
 Lots of results concerning the enantioseparation by using membrane technique were 
published in the past two decades. [127,128] Depending on the α-helix secondary structure, the 
poly(L-glutamic acid) and its derivatives were used to prepare chiral membranes by casting 
[129,130,131] and grafting [132] techniques. The enantioselectivities of them are ca. 1.02 – 1.47. 
Molecularly imprinted polymeric membranes, bearing the tetrapeptide derivative, show 1.4 
enantioselectivity with 2 * 10-8 cm2/s permeability rate.[133]   
In recent years, with the rapid development of LBL self-assembly technique, the 
polyelectrolyte multilayer shows outstanding advantages in preparing ultrathin films and is 
applied in numerous fields. The possibility of LBL technique in enantioseparation was also 
firstly explored by Schlenoff group. [1] In this dissertation, polypeptides modified chiral 
membranes using LBL technique will be discussed in detail in chapter 3.1.2.9. 
 
1.4.4 Principle of chiral recognition 
1.4.4.1 Three point contact model 
 The real mechanism of the chiral discrimination is still not clear, but several models for 
the requirements to obtain chiral recognition have been established. An early model is the 
three point contact model proposed by Dalglish in 1952. [134] Figure 1-6 represents this chiral 
recognition model. It states that the chiral recognition occurs when at minimum three 
interactions between chiral selector and enantiomer exist and at least one of these interactions 
is stereochemically dependent. These interactions mean not only the attractive interaction, the 
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repulsive interaction is also included. [135] Two interactions could be repulsive if the third 
interaction is strong enough to promote the formation of one enantiomer associates. Some 
types of interactions in the enantisoseparation are shortly discussed in the following: 
 
 
Fig. 1-6 Schematic graph of chiral recognition in three point contact model.  
  
Hydrogen bonding  In the chromatographic chiral separation field, the group of 
Gil-Av [136] developed chiral stationary phase based on N-trifluoroacetyl-L-amino acid esters 
and N-trifluoroacetyl amino acids. The separation is based on the formation of multiple 
hydrogen bonds. The commercial product, named Chirasil-Val®, is the gas chromatography 
stationary phase based on valine diamide linked to polysiloxanes. The hydrogen bonds also 
are formed in the chiral separation. 
 Ionic interaction In the three-point contact model, ionic interactions normally exist in 
the chiral recognition accompanying with additional supporting interactions, such as 
hydrogen bonds, dipole-dipole interactions, π-π interactions etc.. Lindner’s group prepared 
cation-exchange based chromatographic stationary phase using cinchona alkaloids as chiral 
selectors, which were used in CEC.[137] In these cases π-π interaction and hydrogen bond are 
additional interactions. 
 π-π interaction  In 1980, (R)-N-(3,5-dinitrobezoyl)phenylglycine was developed as 
CSP covalently bonded onto the a silica support by Pirkle’s group.[138] This CSP which is the 
π-acceptor shows chiral recognition ability for a large number of compounds which have the 
π-donor group. In addition to π-π interaction, dipole-dipole interaction and hydrogen bonds 
are also responsible for the chiral recognition.  
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1.4.4.2 Thermodynamics of chiral recognition 
 The chiral recognition of the L and D enantiomers (SA) and chiral selector (SO) involves 
the reversible formation of a pair of diastereomeric chiral selector/chiral selectand (SO · SA) 
complexes. For example: taking the L formed SOL as default 
The L formed SAL interact with SOL : 
SAL + SOL ⎯→← LK  SAL · SOL   ( LL KRTG ln−=Δ  )    eq.1-12 
The D formed SAD interact with SOL : 
SAD + SOL ⎯→← DK  SAD · SOL   ( DD KRTG ln−=Δ )    eq.1-13 
where KL and KD are the equilibrium constants of weak bound SAL with SOL and strong 
bound SAD with SOL. ΔGL and ΔGD are the Gibbs free energies of the corresponding L-L 
form diastereomeric complex and L-D form diastereomeric complex, R is the gas constant and 
T is absolute temperature. Because of the nature of chiral recognition, the SOL has more 
affinity to SAD and the complex between them is more stable than SAL · SOL. so: 
KD > KL          eq.1-14 
ΔΔGD,L = ΔGD - ΔGL = -RT ln (KD / KL) = -RT ln αD,L    eq.1-15 
where αD,L refers to the enantioselectivity, ΔΔGD,L is the difference of Gibbs free energies. 
Since αD,L is always larger than 1 which is due to the existence of chiral recognition, ΔΔGD,L 
will be always negative which means the chiral recognition is a favored reaction and 
spontaneously happens. As we know, the chiral recognition is a very weak interaction 
accompanying a very small ΔΔGD,L value. For example, if the enantioselectivity (αD,L) was 
1.2, then the chiral recognition free energy would only be 450 J/mol at room temperature 
(298K). 
In order to discuss in detail the thermodynamic behavior of chiral recognition, the 
equation (1-4) is combined with Gibbs-Helmholtz equation 
ΔΔGD,L = -RT ln αD,L = ΔΔHD,L –T ΔΔSD,L      eq.1-16 
ln αD,L = -ΔΔHD,L / RT + ΔΔSD,L / R      eq.1-17 
where ΔΔHD,L and ΔΔSD,L represent the enthalpic and entropic components of the chiral 
recognition. The equation (1-6) reveals the relation between enantioselectivity and 
temperature. According to the analysis of van’t Hoff equation, the natural logarithm of 
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enantioselectivity has the linear function with reciprocal absolute temperature, the enthalpy 
and entropy are the slope and the intercepts, respectively. During the chiral recognition 
process, the stable short range interactions is formed between SO and SA which reveals 
ΔΔHD,L is the negative value, while the formed ‘chiral bonds’ forbidden the movement and 
rotation of the SA molecules, decrease the freedom, which means the ΔΔSD,L is a positive 
value. Then, from the equation (1-6), it can be concluded that the chiral recognition is a 
enthalpically controlled process, the enantioselelctivtiy decreases with increasing the 
temperature. Such trend was proved by most experimental results.  
 
1.5 Protein adsorption 
 The adsorption of proteins on the surface is crucially important in biochemical and 
biomedical fields, such as drug delivery, biosensors, biomaterial separation, because lots of  
surfaces have charges, when they are exposed to aqueous solution. The driving force of 
protein adsorption on the charged surface mainly is the long ranged electrostatic interaction, 
while other interactions, e.g. hydrophobic interaction, hydrogen bonds, also contribute to the 
adsorption. According to the nature of electrostatic interaction, the charged protein is expected 
to be adsorbed onto the oppositely charged surface, but, in fact, the existence of counter ions, 
desolvation of charged groups and burying of the charges into a low dielectric medium may 
counteract protein adsorption. Even if only considering the electrostatic interaction, because 
the charge distribution on the protein surface is not uniform，the protein still can be adsorbed 
onto the neutral surface at the isoelectric point (the pH at which a particular molecule or 
surface carries no net electrical charge) or onto the like charged surface. In the case of like 
charges between the surface and a protein, an energy barrier for adsorption may exist, so other 
types interactions would dominate the adsorption process if the electrostatic energy barrier 
could be passed. The properties of substrates for protein adsorption, e.g. ‘hard’ solid surface, 
[139] ‘soft’ brush film, [140,141] also has big influence. 
 
1.5.1 Protein structure  
 Proteins are polyelectrolytes which consist of different amino acids arranged in a linear 
chain by peptide linkage between the carboxyl and amino groups of adjacent amino acid units. 
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According to the structure of peptide bond, the two dihedral angles, Cα-C bond (ψ) and Cα-N 
bond (ϕ), will control the structure of protein (mainly the secondary structure). Figure 1-7 
illustrates the structure of a polypeptide molecule. The secondary structure of protein  
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Fig. 1-7 Schematic representation of polypeptide molecules. 
  
is referred to the local inter-residues interaction mediated by hydrogen bonds, the two most 
common secondary structures are α-helices and β-sheets. The α-helical structure is a right 
handed conformation where every backbone N-H group forms a hydrogen bond with a 
backbone C=O group of four amino residues earlier (ψ = -47°, ϕ = -57°, n = 3.6 residues per 
turn), while the β-sheet structure consists of β-strands (ψ = ϕ = +180° ) connected latterly by 
three or more hydrogen bonds. Amino acids with large aromatic residues prefer the β-sheet 
conformation while the others favor α-helix. But the external conditions (pH, temperature, 
salt) can induce a structure transition. 
 In aqueous solution, the thermodynamic measurements indicate that native proteins are 
only marginally stable entities under physiological conditions. Various noncovalent influences 
on the proteins should be considered: attractive and repulsive electrostatic interaction, intra- 
and inter-molecular hydrogen bonding and hydrophobic forces. The structure of a protein, 
consequently, is the result of a delicate balance among powerful countervailing forces. The 
overall charge of a protein is also a delicate balance among several negatively or positively 
charged patches on the protein surface which are due to the different amino groups in the 
molecule chain. The net charge of protein decreases from positive to negative with pH 
increasing and becomes neutral at IEP.  
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1.5.2 Protein adsorption process 
 The process of protein adsorption is dynamic and can be divided into five steps: [142] 1) 
transport to the surface; 2) binding on the surface; 3) conformation rearrangement with time; 
4) desorption or exchange from the surface; 5) transport away from the surface. Depending on 
the system, the protein adsorption rate generally is controlled by the step 1) and 2). The 
protein conformation starts to change at the beginning of the attachment to the surface and is 
time-dependent. [143] This conformation change can be influenced by surface coverage [146] and 
the properties of the surface. [144] Protein adsorption is a very complicated process which is 
affected by various factors, such as charge, hydrophobicity, protein conformation, salt, 
temperature etc. Proteins are strongly adsorbed on oppositely charged substrates, however, 
proteins can also be adsorbed on the like charged surface through a local opposite charged 
patch, [145] as well as counterion release forces. [141] Proteins are claimed to be adsorbed more 
on the hydrophobic surface than hydrophilic one. [146,147] Due to the charge screening effect of 
salt, the protein adsorption, which is controlled by electrostatic interaction, is weakened in the 
presence of salt. Although most protein adsorption is irreversible, rare reversible examples [146] 
still exist and the external factors, pH, salt, can induce desorption. [148] Various methods, 
X-ray photon spectroscopy, [149] ellipsometry, [150] infrared spectroscopy, [143,151] fluorescence, 
[143] AFM [152] were used to monitor the protein adsorption. 
 
1.5.3 Factors for protein adsorption 
 Protein/substrate hydrophobicity Hydrophobic substrates are more favorable for the 
protein adsorption than hydrophilic substrates. [146,147] The surfaces with different 
hydrophobicity result in different biological response during adsorption of biomolecules, e.g. 
enzymes, proteins and antiobodies. It was found that on hydrophobic substrates, the structural 
changes in protein molecules and subsequent denaturation of globular proteins during 
irreversible adsorption were stronger than on hydrophilic ones. [153] Because the proteins 
contain both hydrophilic (polar) and hydrophobic (non-polar) parts, the dissolution of proteins 
in water leads to the hydration of hydrophilic groups and burying the hydrophobic groups in 
the interior of molecules. The distribution of polar and non-polar parts of proteins is strongly 
dependent on their size. Large proteins (HSA, Fibrinogen) have small amounts of non-polar 
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groups on the surface due to similar surface/volume ratio, while small proteins (Lysozyme) 
have over 50% surface area occupied by non-polar groups. [154] The hydrophobicity of protein 
influences the protein stability and, consequently, influences the adsorption.  
 The properties of proteins  The properties of protein, e.g. size, shape, charge patches, 
also strongly influence the adsorption process. Norde [155] found that: the ‘soft’ proteins with 
labile structure, e.g. HSA, BSA, show large structural rearrangements during the adsorption 
which is driven by loss of ordered secondary structures (increase of conformation entropy), 
while the ‘hard’ proteins with strong internal cohesion, e.g. Lysozyme, RNase, undergo 
limited structural change upon adsorption which means that they adsorb on polar surfaces by 
electrostatic attraction.  
 Hydrogen bonds According to Norde, [155] the reason why proteins prefer to change 
structure as soon as they touch the surface is the formation of hydrogen bonds between 
protein and surface. The globular structure of proteins is strongly promoted by intramolecular 
hydrophobic interaction and the apolar parts are shielded from the water. Hydrogen bonds in 
the protein’s interior stabilize secondary structure as α-helices and β-sheets. When proteins 
attach to the surface, the non-polar parts are exposed to the surface without making contact 
with water. On polar (hydrophilic) surface, the peptide units released from disrupted α-helices 
and β-sheets could form hydrogen bonds with the surface which increases the conformational 
entropy. On non-polar (hydrophobic) surfaces adsorption can stimulate hydrogen bonding 
between peptide units in the protein-surface interface promoting ordered structures in the 
protein molecule.  
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CHAPTER 2  EXPERIMENTAL 
 
2.1 Chemical reagents 
Polyelectrolytes Poly(L-lysine hydrobromide), PLL (Mw: 58,900; 256,000; 289,000; 
512,900 g/mol); Poly(D-lysine hydrobromide), PDL (Mw: 300,000 g/mol) and 
Poly(diallyldimethylammonium chloride), PDADMAC ( 20 wt.%; average Mw: 200,000 – 
350,000 g/mol) were purchased from SigmaAldrich  (Milwaukee, WI, USA). Potassium 
poly(vinylsulfate), PVS (Mw: 300,000 g/mol) was obtained from Gelest, Inc. (Morrisville, PA, 
USA). Poly(styrenesulfonic acid) sodium salt, PSS (Mw: 4,600; 8,000; 18,000; 70,000 g/mol) 
and Poly(4-vinylpridine), PVP (Mw: 150,000 – 200,000 g/mol) were purchased from 
Polysciences, Inc. (Warrington, U.S.A.). Polyethyleneimine, PEI (Lupasol® P, 700,000 g/mol) 
was supplied by BASF AG. Polyethyleneimine-maltose, PEI-m, was supplied by Dr. 
Appelhans from IPF Dresden e.V. Poly(maleic anhydride-co-α-methylstyrene), PMAH-MS 
(Mw = 7.500 g/mol) was obtained from Leuna AG. (Leuna, Germany). Figure 2-1 shows all 
polyelectrolytes which were used in this dissertation including natural and synthetic polyions.  
Low molecular compounds (S)-(+)-1-iodo-2-methylbutane; L- and D- Glutamic acid 
(GLU); L-ascorbic acid and D-isoascorbic acid (ASC); L- and D- tryptophan (TRP); L- and 
D- tyrosine (TYR) ; L-and D-phenylalanine (PHE); (S)- and (R)- atenolol and (S)- and (R)- 
camphorsulfonic acid (CSA) were purchased from SigmaAldrich (Milwaukee, WI, USA). 
(table 2-1). D-pantothenic acid calcium salt (D-Pant), sodium perchlorate monohydrate 
(NaClO4) and Sodium hydroxide (NaOH) were purchased from Fluka Company (Germany). 
Sodium chloride (NaCl) was obtained from KMF Laborchemie Handles GmbH. (Germany). 
Hydrogen peroxide 30% (H2O2) was purchased from MERCK (Hohenbrunn, Germany). 
Sulfuric acid 96% (H2SO4) was purchased from ACROS Organics (New Jersey, USA). 
Phosphate buffer saline (PBS) powder was received from Life Technologies (Grand Island, 
USA).  
Proteins Human serum albumin (HSA) and lysozyme (LYZ, hen egg white) were 
obtained from SigmaAldrich (Milwaukee, WI, USA). Myoglobin (MYO, horse skeletal 
muscle) was bought from Fluka Company (Germany).  
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Fig. 2-1 Summary of polyelectrolytes used in this work. 
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Tab. 2-1 The various enantiomers.  
 L(R)-Enantiomer D(S)-Enantiomer Optical 
activity [156] 
Glutamic 
Acid 
(GLU) 
HO OH
O O
NH2H
 
HO OH
O O
H NH2
 
+31.5° 
c = 2 % in 5 
M HCl 
Ascorbic 
Acid 
(ASC) 
O
HO OH
O
HO
H
OHH
 
O
HO OH
O
HO
OHH
 
+23.6°, c = 1 
% in H2O 
−16.8°, c = 10 
% in H2O 
Phenylalanine 
(PHE) OH
O
NH2H
 
OH
O
H NH2
 
+34°,  
c = 2 % in 
H2O 
Camphorsul- 
fonic acid 
(CSA) 
 
O
SO3H
CH3H3C
 
CH3H3C
OHO3S  
+19.9°, c = 2 
in H2O 
−21°, c = 2 % 
in H2O 
Tryptophan 
(TRP) OH
O
NH2
N
H
OH
O
NH2
N
H  
+31.5±2°,  
c = 1 % in 
H2O 
Tyrosine 
(TYR) OH
O
NH2H
HO
OH
O
H NH2
HO
 
+10.3°, c = 5 
% in 1 M HCl 
−10.6°, c = 4 
%in 1 M HCl 
Atenolol 
H3C
CH3
NH O
NH2
O
HO H
H3C
CH3
NH O
NH2
O
HO H
 
+16°, c = 1 % 
in 1 M HCl 
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Solvents Millipore water (resistivity: 18.2 MΩ cm) was used for preparing all aqueous 
solutions. Heavy water 99% (D2O) was purchased from Aldrich company; ethanol absolute 
was obtained from VWRInternational (France); dimethyl formamide (DMF) was received 
from MERCK and was dried over molecular sieves. 
All the chemicals and the proteins were used without further purification. 
 
2.2 Preparation protocol 
2.2.1 Polyelectrolytes synthesis 
 Poly(N-(S)alkylated-4-vinyl pyridinium iodide) (PVP-R*): 1.0 g of P4VP was dried at 
110°C for 4 hours, then dissolved in dry DMF (100 mL) in a 3-neck flash placed into a 50ºC 
oil bath for 72 hours, under Nitrogen with stirring. 2.24 g of the alkylating agent 
(1-iodo-2-methybutane) was added dropwise with a syringe. The reaction temperature was 
raised to 80ºC under reflux for 24 hours. The product was purified by dissolving in the DMF, 
then reprecipitating from ethyl acetate. Then it was dried in vacuum at 60ºC for 24 hours.  
Poly(maleic acid-co-α-methylstyrene) (PMA-MS): 0.1 mol repeating unit of PMAH-MS 
(20.4 g) and 0.11 mol NaOH (0.45 g) were mixed together in 500 mL water, put into 80ºC 
water bath and kept hydrolyzing for 1 hour. After hydrolysis was finished, the PMA-MS 
solution was filtrated using water vacuum pump. Then, the solution was put into the 1 L flask 
and filled with the appropriate amount of water. 
 
2.2.2 Polyelectrolyte multilayer (PEM) deposition  
 The pre-treatment of the silicon plate, which was used as the substrate for the PEM 
deposition and the internal reflection element (Si-IRE) for ATR-FTIR, included two steps: 
firstly, the silicon plate was treated with piranha solution (H2SO4 : H2O2 = 3:1 (v/v)) for 30 
minutes, then Millipore water, ethanol and nitrogen gas were followed to rinse and dry the 
silicon plate; secondly, the silicon plate was treated by plasma cleaner (PDC-32 G plasma 
cleaner/sterilizer, Harrick, Ossining, NY, USA) for 30 minutes with middle Rf frequency.  
The PEM deposition procedure was performed using stream coating (figure 2-2) which is 
based on LBL technique. The deposition procedure is described as following:  polycation 
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solutions (poly(L-lysine) (PLL), polyethyleneimine (PEI), PEI-maltose (PEI-m), 
Poly(N-(S)alkylated-4-vinyl pyridinium iodide) (PVP-R*)) and polyanion solutions  
(poly(vinylsulfate) (PVS), poly(styrene sulfonate) (PSS)) were consecutively injected keeping 
a final volume of 100 microliter for 10 min above the Si-IRE in the S compartment of 
ATR-FTIR in-situ cell (described in chapter 2.3.1), respectively. Solvent was kept in the R 
compartment of ATR-FTIR in-situ cell. After each adsorption step, the S compartment was 
rinsed by solvent. All of the polyelectrolyte solutions and solvent were transported by 
peristaltic pump and controlled by switcher with speed: 3 mL/min. 20 seconds and 1 minute 
loading time were selected for polyelectrolyte solutions and solvent, respectively.  
 
 
Fig. 2-2 Experiment setup for stream coating. 
 
Because PELs desorption was observed in the multilayer deposition profile (chapter 
3.1.1), the deposited PEMs containing PLL, PEI and PEI-m were further stabilized by 
glutardialdehyde (GA). This treatment led to partial crosslink formation between amino 
groups of PEI, PEI-m and PLL within the highly entangled PEM internal phase. From 
immersion experiments with 1 M NaCl solutions after treatment, no loss of deposited PEM 
material was obtained (data are not shown). 
 PEM-PEI/PVS  PEI and PVS were dissolved in 1 M NaClO4 solution with a final 
concentration cPEL = 0.005 M. PEI and PVS were alternatively injected onto the surface of 
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Si-IRE plate to form 9 layers PEM where the outermost layer was PEI. After the last layer 
was formed, glutardialdehyde solution (GA, 0.25 wt%, 1 M NaClO4) was injected to crosslink 
free amine groups of PEI and stabilized the PEM. 
 PEM-PLL/PVS  There were two routes to prepare the PEM of PLL/PVS: Route1) 
PLL and PVS were dissolved in 1M NaClO4 solution with a final concentration cPEL = 0.005 
M or 0.01 M. Route 2) PLL was dissolved in pure H2O (cPLL = 0.005 M) with pH =10 adjusted 
by 1 M NaOH and PVS was dissolved in pure H2O (cPVS = 0.005 M) without changing pH. 
PLL and PVS were alternatively injected onto the surface of mechanical texturized Si-IRE 
plate to build the PEM with different layer numbers. After the last layer was completed, the 
glutardialdehyde solution (route 1: 0.25 wt%, 1 M NaClO4 or route 2: 0.25 wt%) was injected 
onto the PEMs to crosslink free amine groups of PLL and stabilized the PEMs.  
PEM-PLL/PSS  The deposition procedures of PEM-PLL/PSS were the same as 
PEM-PLL/PVS: PEMs were built up by two different conditions. Additionally, PLL/PSS with 
different layer numbers (PEM5 to PEM17) were deposited in the salt free condition (route 2). 
PEM-PEI-m/PVS (PSS)  PEI-m and PVS (PSS) were dissolved in 1) Millipore water, 
2) 1 M NaClO4, with the final concentration cPEI-m = 0.5 mg/mL and cPVS(PSS) = 0.005 M. 
PEI-m and PVS (PSS) were alternatively injected onto the surface of Si-IRE plate to form the 
9 layers PEM, where PEI-m was the outermost layer. After the last layer was formed, 
glutardialdehyde solution was injected to crosslink free amine groups of PEI-m and stabilize 
the PEMs.  
PEM-PVP-R*/PVS (PSS) PVP-R* and PVS (PSS) were dissolved in 0.1M NaCl 
solution with the final concentration cPVP-R* = 0.5 mg/mL and cPVS(PSS) = 0.005 M. PVP-R* 
and PVS (PSS) were alternatively injected onto the surface of Si-IRE plate to form the 9 
layers PEM, where PVP-R* was the outermost layer. After the last layer was formed, diluted 
NaCl solution (0.01M and 0.001M) and Millipore water were used to rinse the PEMs. 
 
2.2.3 Enantiospecific interaction to PEM 
L-/D-GLU were dissolved in Millipore water to form different concentrations (from 
0.001 M to 0.1 M) and dissolved in D2O to form 0.05 M solution. L-/D-ASC were dissolved 
in Millipore water and D2O with 0.05 M concentration. Other chiral probes were dissolved in 
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Millipore water with the concentration: cTYR=0.002 M, cCSA=0.05 M, cPHE=0.05 M and 
catenolol=0.025 M. NaCl, 1 M NaOH and 1 M HCl were used to change the ionic strength and 
the pH value of enantiomer solution, respectively. Due to the oxidation of ASC exposing in air, 
ASC solution was freshly prepared before each interaction.  
The deposited non-chiral/chiral PEMs (PEI/PVS, PLL/PVS, PLL/PSS, PEI-m/PVS, 
PVP-R*/PVS, PVP-R*/PSS) were used to alternatively adsorb L-/D-enantiomers (L-/D-GLU, 
L-/D-ASC, L-/D-PHE, L-/D-TRP, R-/S-CSA etc.). All interaction procedures were performed 
in the ATR-FTIR in-situ cell and monitored by ATR-FTIR. The L-/D-enantiomer solutions 
were manually injected into the S compartment and kept for 20 minutes above the deposited 
PEM. Between every two interactions, solvent was used to rinse the PEM to remove the 
un-adsorbed/loosely-adsorbed enantiomer. 0.1 M NaCl was used to release the adsorbed 
enantiomer from the PEM in order to keep the repetitious PEM surface. 
For the enantiospecific adsorption of protein on chiral PEMs, myoglobin (1 mg/mL in 
PBS buffer) was injected into the S compartment of in-situ cell to interact with 
PEM9-PLL/PSS-PH10 and PEM9-PDL/PSS-PH10, respectively.  
For a quantitative evaluation of enantiospecific interaction, the percent enantiospecificity 
(SE) is used (eq. (2-1)), as it was used and differently termed therein [1]: 
%100
)(
)()( ×Γ
Γ−Γ=
LD
DLLD
ES    eq.2-1 
ΓL and ΓD are the surface concentrations of bound L- and D-enantiomers. In an approximation 
instead of ΓL and ΓD the band integrals AL and AD can be used for thin PEM films. To 
characterize the enantiospecificity of a given PEM, the AL and AD values at various conditions 
could be taken to insert in eq. (2-1). 
 
2.2.4 Membrane modification and enantiospecific permeation 
 Permeability measurements were carried out for D-/L-Tryptophan (TRP) through PEM 
modified membranes immersed in Millipore water or aqueous ethanol by using a two 
compartment glass tube at room temperature (figure 2-3). Two types of membranes, 
polytetrafluoroethylene (PTFE, pore size 0.2 μm, SigmaAldrich) and nitrocellulose (NC, pore 
Experimental 
 
 36
size 0.2 μm, SigmaAldrich), were modified using PEM-PLL/PSS-PH10. To deposit PEM on 
the membranes, two membranes were first treated by plasma cleaner for 30 min, then 
immersed in the experimental solvents, 75 vol % ethanol/H2O for PTFE membrane and pure 
water for NC membrane, for 1 hour. The PEM buildup on membrane was same as the PEM 
deposition on Si-IRE, but using dip-coating. All polyelectrolytes were prepared as 0.005 M 
concentration, and membranes were immersed in the polycation/polyanion solutions for 10 
min and rinsed by solvent for 10 sec. After the final layer adsorption, glutardialdehyde (0.25 
wt%) was used to stabilize the PEMs.  
 
 
Fig. 2-3 Schematic of the permeation cell. The PEM modified membrane is placed in the 
center of the cell and held by using clamp. 
 
 The upstream and downstream compartments of permeation tube contained 50 mL 0.0005 
M L-/D-TRP solution and solvent, respectively. Both solution and solvent were magnetically 
stirred to minimize stagnant boundary layers on the membrane surfaces. At each sampling 
interval, 1 mL of the downstream solution was taken out and 1 mL of the fresh solvent was 
refilled. The amount of L-/D-TRP in the downstream was determined by UV/Vis spectroscopy 
at 280 nm.  
 The flux J (mol/cm2 s) through the membrane can be calculated by 
At
VCJ •Δ
•Δ=          eq.2-2 
where ΔC is the change in concentration, Δt is the permeation time,  V is the downstream 
Experimental 
 
 37
volume, and A is the effective membrane area (2.83 cm2). The permeability coefficient P 
(cm2/s) is given by 
du CC
dJP −
•=          eq.2-3 
where d is the membrane thickness, Cu and Cd are the concentrations of upstream and 
downstream. The enantiospecificity was calculated according to the ratio of the permeability 
coefficients (PL or PD) for the two enantiomers. 
 
2.2.5 Preparation of PEC dispersions 
Cationic and anionic PEC nanoparticles of PDADMAC/PSS and of 
PDADMAC/PMA-MS were prepared by mixing PDADMAC and the corresponding 
polyanion solution (0.002 M) at the mixing ratios of n-/n+ = 0.66 and 1.50 related to moles of 
charges resulting in a milky turbid dispersion denoted as PEC-0.66-0x and PEC-1.50-0x, 
respectively (figure 2-4). PEC-0x was further treated by consecutive centrifugation 
(Eppendorff 5416, Type 16 F6-38, Eppendorff-Netheler-Hinz GmbH, Hamburg, Germany) 
applying a rotational speed of 11.000 rpm and a radius of centrifugation of 102 mm for 20 
min, as it was described for PEC-PDADMAC/PMA-MS therein [102]. Three different phases 
formed after centrifugation: a clear supernatant, milky coacervate and solid rubber like 
precipitate, which upon drying is a very hard and brittle substance. The supernatant phase was 
decanted and the remaining coacervate phase was redispersed in water to the half volume of 
initial PEC-0x denoted as PEC-1x (PEC-0.66-1x, PEC-1.50-1x). Another cycle of 
centrifugation, decantation of supernatant and redispersion of coacervate phase led to PEC-2x 
(PEC-0.66-2x, PEC-1.50-2x). From gravimetric measurements the solid content of 
redispersed PEC-1x and PEC-2x particles (coacervate phase) related to the ratio between 
dried particle mass and solution mass (w/w) were around 0.012 % and 0.006 %, respectively 
(see table 3-11). Approximate relative fractions of 14 % coacervate, 10 % precipitate and 76 
% supernatant related to their dry mass were determined for PEC-0.66-1x and PEC-1.50-1x of 
the PDADMAC/PSS system. 
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Fig. 2-4 Preparation protocol of PEC nanoparticles. 
 
2.2.6 Preparation of PEC/protein dispersions 
 The preparation protocol of PEC/protein conjugates is given in figure 2-5. According to 
that the protein stock solution (1 mg/mL in 1 mg/mL PBS, pH = 7.3) was rapidly injected to 
the stirred PEC dispersion (PEC-1x) by syringe and stirring was kept for 16 hours. Different 
amounts of the protein stock solution were added to the PEC dispersion to yield four different 
final protein concentrations: 0.010, 0.024, 0.048, 0.091 mg/mL. Then these dispersions, 
denoted as PEC-1x-protein were centrifuged (11.000 rpm, 20 min) resulting, analogously to 
the PEC preparation (see above), in a solid precipitate (≈ 9 %), milky coacervate (≈ 27 %) and 
clear supernatant phase (≈ 64 %) (gravimetric results for LYZ and HSA at PEC-0.66 and 
PEC-1.50 were averaged). From infrared measurements both the coacervate and precipitate 
phase were found to uptake proteins and the protein content was approximately equal in both 
phases. The coacervate phase with the PEC/protein conjugate was carefully drawn out and 
refilled with millipore water to the half of the initial volume denoted as PEC-1x-protein-1x. 
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Fig. 2-5  Preparation protocol of PEC-protein conjugates. 
 
2.2.7 PEC particle films 
For the preparation of PEC particle films, 80 μL of the diluted coacervate phase (20 % 
(v/v)) was placed in the middle of either silicon wafers or silicon IRE (internal reflection 
element) and spincoated at 80 rpm. 
  
2.2.8 Preparation of PEC/chiral probe conjugates 
The preparation protocol of PEC/chiral probe conjugates is same as the preparation of 
PEC/protein conjugates. Different volumes of D-Pantothenic acid (D-PANT) solution were 
rapidly injected to the stirred PEC-PLL/PSS and PEC-PDL/PSS dispersion (PEC-2x) by 
syringe to yield three final PANT concentrations: 0.0025, 0.005, 0.01 mg/mL and stirring was 
kept for 16 hours. Then these dispersions, denoted as PEC-2x-PANT, were centrifuged 
(11.000 rpm, 20 min), analogously to the PEC preparation (see above), the coacervates phase 
was drawn out and refilled with water denoted as PEC-2x-PANT-1x. 
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2.3 Instruments & Characterization methods 
2.3.1 Attenuated Total Reflectance - Fourier Transform Infrared spectroscopy 
(ATR-FTIR)  
The in-situ ATR-FTIR apparatus for sorption measurements (OPTISPEC, Zürich, 
Switzerland), consisting of a special mirror setup and the in-situ sorption cell (M. Müller, IPF 
Dresden), was used on a commercial rapid scan FTIR spectrometer (IFS 55, BRUKER) 
equipped with a globar source and MCT detector. The instrument setup is shown in figure 2-6 
and the ATR-FTIR in-situ cell is shown in figure 2-7. In-situ ATR-FTIR was performed to 
characterize the deposition of PEM using single-beam-sample-reference (SBSR) technology 
[157] which is based on the alternate recording single channel spectra of sample half (IS) and 
reference half (IR) of the internal reflection element (IRE) respectively. Sample half was filled 
typically either with PEL, buffer, or protein solution and reference half was filled with the 
corresponding solvent (e.g., buffer). According to the calculating formula 
)log(
R
S
SBSR I
I
A −=          eq.2-4 
the resulting absorption spectra show convenient compensation of background absorptions 
and flat baselines, which is a prerequisite for quantitative ATR-FTIR spectroscopy. For the 
orientation experiments, a polarizer was fixed in front of detector and automatically controlled 
by OPUS software changing the polarization of IR beam from parallel (P) to vertical (S). 
 
 
Fig. 2-6 Picture of ATR-FTIR instrument. 
Experimental 
 
 41
 
Fig. 2-7 Picture of ATR-FTIR in-situ cell (M. Müller, IPF Dresden e.V.). The black silica IRE 
is fixed in the plastic cell. Two channels, sample half and reference half, are formed by the 
sealing O-rings. 
 
Principally, attenuated total reflectance infrared (ATR-IR) spectrometry is based on the so 
called evanescent field, which is formed under conditions of total reflection, and provides 
valuable information related to the chemical structure of materials on the surface (figure 
2-8). IRE (50×50×2 mm3) is the transparent optical crystal (e.g., Silica (Si), zinc selenide 
(ZnSe) or germanium (Ge)) and is used to establish the conditions necessary to obtain internal 
reflection. An angle of incidence of 45° was used which resulted in 11 active total reflections 
on the coated side of the Si-IRE and the reflections obey Snell’s law. At each reflecting point, 
an evanescent wave extends beyond the surface of ATR crystal and probes the coating or the 
solution in direct contact to the crystal.  
 
 
Fig. 2-8 Schematic diagram of total reflection in the IRE crystal. n1 and n2 are the reflective 
indices of the incidence (Si-IRE, n1=3.5) and reflection medium (water, n2=1).  
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The quantitative ATR-FTIR analysis is based on the Lambert-Beer law:  
ecdNA ε=         eq.2-5 
where A is the absorbance (the integral of functional band), N is the number of the reflections, 
ε  is the absorption coefficient, c is concentration of analyte which can be obtained by 
dividing surface concentration Γ  through the thickness of the coating layer d, de is the 
effective thickness, which is a function of the depth of penetration dp.[158] The penetration 
depth (dp) of the evanescent wave from the crystal-sample interface is the distance where the 
intensity of the evanescent decays to a value with a factor of 1/e, depending on the properties 
of IRE and samples. In this work, the penetration depth is ca. 460 nm (Si-IRE). The effective 
thickness de is given by  
)]2exp()2[exp(
cos2
21
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e d
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Edn
d −−−×= θ      eq.2-6 
where n3 is the reflection index of polymer layer (PEM), θ is incident angle, E is the relative 
electrical field and z1, z2 are the starting and ending position of the probed PEM zone. In the 
PEM deposition, z1 = 0 and z2 is the thickness of PEM (d). Combining eq. 2-5 and eq. 2-6, it 
can be found that there is approximately a linear dependence of A on d from d = 0 - 300 nm 
and the ATR-FTIR method gets increasingly insensitive to outer film regions with increasing 
film thickness. For no adsorption from bulk solutions onto Si-IRE, the absorbance of analyte  
 
 
Fig. 2-9 Linear relation between GLU concentrations and corresponding absorbance of GLU 
band in ATR-FTIR. GLU solution is in contact with naked Si-IRE. Red line is fitting curve 
based on linear equation.  
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is roughly linear to the concentration of analyte based on the modified Lambert-Beer law 
(eq.2-5), which is shown in figure 2-9. 
 
2.3.2 Colloid titration (particle charge detector PCD) 
The cationic or anionic charge of the PEC particles was determined by the particle charge 
detector (PCD, BTG Mütek GmbH, Herrsching, Germany) based on titration with 
low-molecular-weight poly(ethylenesulfate) (PES) and poly(diallyldimethyl-ammonium 
chloride) (PDADMAC), respectively, under control of the zeta-potential. In a hollow cylinder 
of chemically inert PTFE material a diluted PEC dispersion is exposed to a shear field of a 
cyclic moving pestle of the same material. Moving of the pestle leads to distortion of the 
counterion cloud of adsorbed particles and potential results. This streaming potential, which is 
measured between two gold contact electrodes, is linearly correlated to the zeta potential. It 
becomes zero in case of charge neutrality. Based on exact charge compensation of the 
polyelectrolyte complex particles by the dropwise added PES or PDADMAC solution (high 
ionic activity and pH independence), the titration of the PEC dispersion reveals a quantitative 
and reproducible estimate of the particle charges. 
 
2.3.3 Gravimetry 
Gravimetric measurements on the dry mass of PEC samples were performed on a balance 
(Sartorius, BP 211D, Göttingen, Germany) under constant relative humidity of r.H. ≈ 30%. 
Solid contents (w/w) were determined considering the initial mass of the dispersion (some 
drops) and that after drying carefully in a vacuum oven. The given errors are related to the 
standard deviation among three independent experiments. 
 
2.3.4 Dynamic light scattering (DLS) 
   Dynamic light scattering was used to detect the size distribution profile of small particle in 
solution, which is also known as Photon Correlation Spectroscopy (PCS) or Quasi-elastic 
Light Scattering (QELS). In DLS, a monochromatic light or laser beam is launched to pass 
through the sample cell where light is scattered by the molecules in all directions. When the 
particles are very small compared with the wavelength of the light, the intensity of the 
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scattered light is uniform in all directions (Rayleigh scattering); for larger particles (above 
approximately 250nm diameter), the intensity is angle dependent (Mie scattering). For the 
small particles, there is a time-dependent fluctuation in the scattering intensity. These 
fluctuations are due to the fact that the small molecules in solutions are undergoing Brownian 
motion and so the distance between the scatterers in the solution is constantly changing with 
time. Constructive and destructive interference of light scattered by neighboring particles 
within the illuminated zone gives rise to the intensity fluctuation at the detector plane which, 
as it arises from particle motion, contains information about this motion. Analysis of the time 
dependence of the intensity fluctuation can therefore yield the diffusion coefficient of the 
particles from which, via the Stokes Einstein equation, knowing the viscosity of the medium, 
the hydrodynamic radius or diameter of the particles can be calculated. 
    πηr
TkD B
6
=            2-10 
Where D is the diffusion constant, kB is Boltzmann’s constant, T is absolute temperature, η is 
the viscosity of the medium, r is the radius of spherical particles (hydrodynamic radius).  
DLS data was recorded at the scattering angle 90º at the Zetasizer 3000 (632.8 nm, 10 
mW He-Ne Laser, Malvern Instruments, Worcestershire, UK). The samples were held in 10 
mm cuvettes. For the pure PEC and the PEC/protein particles the maximum of the intensity 
weighted distribution (DI) and the z-average value (DZ) were considered. The polydispersity 
index (PDI) was obtained from the correlation function by contin analysis. The given errors 
are related to the standard deviation of at least three different measurements. 
 
2.3.5 Circular dichroism (CD) 
Circular dichroism is used to detect the optical isomerism and the secondary structure of 
proteins. When the sum of left and right circularly polarized light passes through a solution 
containing optical active molecule, the left and right circularly polarized component lights are 
adsorbed by different amount which will lead to elliptically polarized light, defined as 
ellipticity θ. The occurrence of ellipticity is called circular dirchroism. (Figure 2-10) 
CD spectroscopy was carried out on a J-810 CD spectroscopic polarimeter from Jasco 
(Japan) using 1 mm quartz cuvettes. The wavelength range was between 180 and 280 nm 
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applying 1 nm  s-1 scanning speed. The adsorbed protein amount was determined by the 
difference in the CD intensity of the original (PEC-free) protein solution and that of the 
supernatant obtained after centrifugation of the PEC dispersion, to which the protein solution 
was added. The overall protein concentration in the PEC/protein mixture was the same as in 
the original protein solution, which resulted in no difference of CD intensity. Quantitative 
values for the bound protein amount per PEC particles of the coacervate phase (w/w) were 
determined using calibration plots (cPROT versus CD intensity) for each of the protein. The 
mass of PEC-2x particles (PEC-1x-protein-1x is also two times centrifuged) was taken as 
reference for the unbound state. Since by IR spectroscopy the ratios protein/coacervate and 
protein/precipitate related to Amide I/ν(SO2) were found to be approximately equal, we could 
separately attribute the bound protein to PEC particles of the coacervate phase. 
 
 
Fig. 2-10 Schematic diagram of circular dichroism. ER and EL are the magnitudes of the 
electric field vectors of the right-circularly and left-circularly polarized light. [159] 
 
2.3.6 Atomic Force Microscopy (AFM) 
The AFM consists of a microscale cantilever with a sharp tip (probe) at its end that is 
used to scan the specimen surface. The cantilever is typically silicon or silicon nitride with a 
height of 10-15μm. When the tip is brought into proximity of a sample surface by piezo 
actuators, forces between the tip and the sample lead to a deflection of the cantilever 
according to Hooke’s law. Depending on the situation, forces that are measured in AFM 
include mechanical contact force, Van der Waals forces, chemical bonding, electrostatic forces 
etc. Typically, the deflection is measured using fiber-optic interferometry (Figure 2-11). The 
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laser is reflected from two planes: the wave which is reflected from the planar end of the fiber 
can be defined as reference wave; the wave which is reflected from the up side of the 
cantilever can be defined as detected wave. Both reflected waves interfere with each other. 
They are transmitted back to the electronics via the fiber-optic cabel. The total intensity is 
detected in the controller by a photo diode and processed as an interferometric signal. This 
interferometer signal depends on the phase difference caused by the optical retardation 
between reference wave and the detected wave. The AFM can be operated in a number of 
modes, depending on the application. In general, the three common imaging modes are 
available: Contact mode where the tip is in close contact the sample surface during the 
scanning; Non-contact mode where the tip is 50-100 Angstrom above the sample surface with 
a small oscillation; Taping mode which is a powerful technique to get the high resolution 
topographic imaging of sample surface, softer cantilevers and high amplitude of oscillation 
are applied compared to non-contact mode. 
 The AFM measurement was performed on Ultramiscroscope consisting of optical 
microscope and AFM component (Nanostation II, SIS GmbH, Herzogenrath, Germany). 
Silicon probe tips from Nanosensors (Darmstadt, Germany) were used having radii of around 
10 nm. The measurements were performed in the “non-contact mode” on PEM and PEC films 
and images were recorded in topography, error and phase mode. As soon as artifacts (e.g. 
triangles as convolution of the tip with the object) appeared, the tip was immediately replaced. 
The scanning parameters were optimized by minimizing the signal in the error mode. PEC 
particle profiles were generated from AFM topography images by the SISCANPro software, 
from which width (W) and height (H) could be determined based on the average values of 
several particles.    
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Fig. 2-11 Schematic diagram of AFM measurement.  
 
The thickness of PEM was measured by AFM using cut technique. Figure 2-12 shows the 
topography image of PEM-PEI/PVS after cutting with scalpel (left) and the profiling plot 
(right). The thickness of PEM is the height difference between bare surface (point 1,2) and 
film (point 3,4).  
 
 
Fig. 2-12  The schematic view of thickness measurement using AFM ‘cut technique’ on the 
PEM9-PEI/PVS-NaClO4.  
 
2.3.7 Ultraviolet/Visible Spectroscopy (UV/Vis) 
 In the enantioseparation by permeation from polyelectrolyte multilayer coated membrane, 
a UV/Vis spectrophotometer (GetSpec-2048, Dresden, Germany) was used to detect the 
concentration of the chiral solution in the up- and downstream columns. Quartz cuvette with 5 
mm width was used as the measuring cell.  
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2.3.8 Scanning electron microscope (SEM) 
The scanning electron microscope is a type of electron microscope that creates images 
by focusing a high energy beam of electrons onto the surface of a sample and detecting 
signals from the interaction of the incident electrons with the sample's surface. The 
measurement was operated on LEO 435vp (Zeiss, Germany). The samples were first coated 
by a gold film by sputtering under Argon to satisfy electrical conductivity requirement. 
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CHAPTER 3  RESULTS AND DISCUSSION  
 
According to the objectives of this work, two kinds of polyelectrolyte complexes (PEM 
and PEC) were prepared and their interactions to chiral probes/protein were studied. In order 
to describe the results systematically, the PEM system and its interactions are firstly 
illustrated, then the PEC system and its interactions follow. 
 
3.1 Polyelectrolyte multilayers 
 In the part of PEM system, at first, PEM deposition and characterization are introduced. 
Secondly, the enantiospecific interaction between deposited PEMs and chiral probes/proteins 
is treated. Thirdly, the application of chiral PEM for membrane modification is shown. 
 
3.1.1 Polyelectrolyte multilayer deposition 
 Herein, several PEMs are introduced, which were deposited using LBL technique. The 
deposition profiles of each PEM, which were monitored by ATR-FTIR and AFM, are 
described. Furthermore, the influences of deposition medium and PEL types are investigated 
and the thickness, morphology of PEM are compared. 
 
3.1.1.1 PEM-PEI/PVS  
As a first PEM deposited, the non-chiral PEM-PEI/PVS is introduced. Figure 3-1a shows 
the in-situ ATR-FTIR spectra on the consecutive deposition of 9 layers PEM-PEI/PVS in the 
presence of 1 M NaClO4 (denoted as PEM9-PEI/PVS-NaClO4). NaClO4 was used for 
comparison with the following peptidic PEMs. The spectra from the bottom to top are related 
to the deposited amount of PEL after the first (PEI, PEM-1), second (PVS, PEM-2) up to the 
ninth consecutive adsorption step z (PEI, PEM-9). Obviously, two positive bands are visible: 
the band at 1230 cm-1 assigned to the stretching vibration of the sulfate group (ν(SO2)) due to 
PVS and the band at around 1600 cm-1 assigned to the bending vibration of the NH group 
(δ(NH)) due to PEI. Both of them increased with increasing the adsorption steps. Two 
negative bands at 3300 cm-1 and 1600cm-1 are assigned to ν(OH) and δ(OH) of H2O, 
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respectively. The decrease of ν(OH) and δ(OH) bands was due to the displacement of H2O 
molecules from Si-IRE surface by deposited PEM. The integrals of δ(NH), ν(SO2), which are 
proportional to the adsorbed amount of PEL, and ν(OH) bands are plotted versus the 
adsorption step z in figure 3-1b. The different amplitudes of them are due to the different 
absorption coefficients for the corresponding IR bands. Interestingly, the curves of these three 
diagnostic bands show counterwise modulation (zigzag) features with opposite trend: when 
PEI was injected onto a PEM with outermost PVS layer, the δ(NH) band increased and the 
ν(SO2) band and ν(OH) band decreased, and vice verse. This phenomenon proves that a 
portion of PEL in a given outermost PEL layer is attracted by the oppositely charged PEL in 
the solution to form a soluble complex above the PEM. The AFM topography image of 
PEM9-PEI/PVS-NaClO4 is shown in figure 3-2. A thick homogenous film (thickness: 350 nm) 
with very low roughness (RRMS = 1.90nm) is observed. The film thickness was detected by 
AFM using cut technique (figure 2-12). 
 
 
                        (a)                                    (b) 
Fig. 3-1 a) ATR-FTIR spectra on the consecutive adsorption of PEI (0.005 M) and PVS (0.005 
M) in the presence of 1M NaClO4 onto the Si-IRE. Spectra of PEM-1 to PEM-9 (from bottom 
to top) are shown. b) Deposition profile of PEM-PEI/PVS in the presence of 1 M NaClO4 
rationalized by the integrated areas of δ(NH) band (PEI), ν(SO2) band (PVS) and ν(OH) band 
(H2O) are plotted versus the adsorption step z.  
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Fig. 3-2 The AFM topography image of PEM9-PEI/PVS. 
 
3.1.1.2 PEM-PLL/PVS  
As a first chiral PEM, the peptidic PLL/PVS system is introduced. In order to deposit the 
PEM containing α-helical PLL, NaClO4 (1 M) was added into the PLL solution to induce and 
stabilize α-helical structure of PLL. In the literature, [7] the induction of the α-helical PLL 
conformation by NaClO4 was explained in the following way: the helical structure of ClO4- 
ions are inserted between ammonium groups of PLL in a left handed helical arrangement and 
serve as a supramolecular template for the right-handed α-helical PLL conformation, which is 
still under debate. Another choice to induce the α-helical conformation of PLL is by adjusting 
the pH value. When the pH value is above 10, the conformation of PLL is the α-helix, 
whereas when the pH value is lower than 10, the conformation of it becomes random coil. An 
explanation for that is that PLL is fully deprotonated at pH = 10 and the uncharged PLL 
molecular chain can be better folded into α-helix due to the  loss of electric repulsion and 
formation of hydrogen bonds.  
Figure 3-3a shows the in-situ ATR-FTIR spectra on the deposition of PEM-PLL/PVS in 
the presence of 1M NaClO4 (denoted as PEM-PLL/PVS-NaClO4) and figure 3-4a shows the 
in-situ ATR-FTIR spectra on the deposition of PEM-PLL/PVS at pH = 10 (denoted as 
PEM-PLL/PVS-PH10). In both spectra, the amide I band (1645 cm-1), amide II band (1550 
cm-1) and ν(SO2) band (1230 cm-1) increased with increasing adsorption steps z. These bands 
are assigned to the peptide group of PLL and sulfate group of PVS, respectively. The ν(OH) 
band (3300 cm-1) from H2O decreased with increasing adsorption steps, which is due to the 
replacement of H2O molecules from Si-IRE surface by deposited PEM. According to the 
positions of maximum of the amide I and amide II bands, it can be proved that PLL was 
Polyelectrolyte Mulitlayers 
 
 52
predominantly in the α-helical conformation, which was already reported therein [160,161]. The 
integrals of amide II band, ν(SO2) band and ν(OH) band are plotted versus adsorption step z 
in figure 3-3b and figure 3-4b. The increase of amide II band and ν(SO2) band with 
adsorption steps showed again a counterwise modulation feature, which also can be 
interpreted as partial release by the oppositely charged respective PEL. Interestingly, the curve 
of ν(OH) band of PEM-PLL/PVS-NaClO4 showed the same modulation feature, while ν(OH) 
band of PEM-PLL/PVS-PH10 did not show that. This phenomenon can be explained by the 
different hydratability between PLL layer and PVS layer. In the salt free condition, due to the 
existence of the charged group, PLL and PVS may have similar hydratability, which leads to 
the smooth curve for ν(OH) decrease. In the salt (NaClO4) solution, more PLL and less PVS 
are adsorbed at their adsorption steps compared to the deposition in salt free condition. Hence, 
at each PLL adsorption step the integral of ν(OH) band decreases (more water is excluded 
from surface), while the integral of ν(OH) band rises when the substrate is exposed to the 
PVS solution (less water is excluded). In this way, modulation feature of ν(OH) band are 
created. 
 
   
                       (a)                                    (b)  
Fig. 3-3. a) ATR-FTIR spectra on the consecutive adsorption of PLL (0.005 M) and PVS 
(0.005 M) in the presence of 1M NaClO4 onto the Si-IRE. Spectra of PEM-1 to PEM-9 (from 
bottom to top) are shown. b) Deposition profile of PEM9-PLL/PVS-NaClO4 rationalized by 
the integrated areas of amide II band (PLL), ν(SO2) band (PVS) and ν(OH) band (H2O) are 
plotted versus the adsorption step z. 
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                       (a)                                    (b) 
Fig. 3-4. a) ATR-FTIR spectra on the consecutive adsorption of PLL (0.005 M, pH 10) and 
PVS (0.005 M) onto the Si-IRE. Spectra of PEM-1 to PEM-9 (from bottom to top) are shown. 
b) Deposition profile of PEM9-PLL/PVS-PH10 rationalized by the integrated areas of amide 
II band (PLL), ν(SO2) band (PVS) and ν(OH) band (H2O) are plotted versus the adsorption 
step z. 
 
 
(a) 
 
(b) 
Fig. 3-5 The AFM topography image of a) PEM9-PLL/PVS-NaClO4 and b) 
PEM9-PLL/PVS-PH10. 
 
Figure 3-5 (a) and (b) show the AFM topography images of PEM9-PLL/PVS-NaClO4 
and PEM9-PLL/PVS-PH10, respectively. Obviously, PEM9-PLL/PVS-PH10 showed granular 
structures on the surface, where the individual small spherical spots were homogeneously 
distributed above the surface, which are similar to those of other PEMs. [162] The morphology 
of PEM9-PLL/PVS-NaClO4 showed a higher degree of fusing, which led to a higher 
thickness and roughness, compared to the PEM-PLL/PVS-PH10. The formation procedure of 
such granular structures is proposed as follows: firstly, free PEL molecules are adsorbed in an 
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isolated state on the naked surface. Then the oppositely charged PEL is adsorbed surrounding 
the adsorbed PEL molecules. In the further deposition steps, the formed spots enlarge, and 
finally the granular brims merge laterally and the vaults start to grow vertically.  
 
3.1.1.3 PEM-PLL/PSS   
3.1.1.3.1 PEM deposition 
In order to investigate the influence of polyanion type on PEM deposition, PSS 
containing an aromatic ring in the side chain was used to deposit PEM with PLL under the 
same conditions as PEM-PLL/PVS. Figure 3-6a and figure 3-7a show the ATR-FTIR spectra 
on the deposition of PEM-PLL/PSS in the presence of 1 M NaClO4 (denoted as 
PEM-PLL/PSS-NaClO4) and in the pH = 10 condition (denoted as PEM-PLL/PSS-PH10), 
respectively. The amide I band (1648 cm-1), amide II band (1545 cm-1) and ν(SO2) bands 
(1206 cm-1) are assigned to the peptide group of PLL and again the sulfate group of PSS, 
respectively. The increase of these bands and the decrease of ν(OH) band (3300 cm-1) were 
visible with increasing adsorption step z. Similarly to PEM-PLL/PVS, the positions of 
maximum of the amide I and amide II bands also indicated, that PLL was predominantly in 
the α-helical conformation. Compared to the positions of amide I, II, and ν(SO2) bands of 
PEM-PLL/PVS (1645 cm-1, 1550 cm-1, 1230 cm-1), the amide I band of PEM-PLL/PSS  
(1648 cm-1) shifted to higher wavenumber whereas amide II and ν(SO2) bands (1545 cm-1, 
1206 cm-1) shifted to lower wavenumbers. These shifts are caused by the exclusion of water 
and decrease of hydrogen bonds between PEL and water due to the hydrophobic aromatic 
group of PSS. This water exclusion can be also found by the strong negative ν(OH) band in 
PEM-PLL/PSS spectra. The integrals of amide II band, ν(SO2) band and ν(OH) band are 
plotted versus adsorption step z in figure 3-6b and figure 3-7b. Counterwise modulation 
features, which are similar to those of PEM-PLL/PVS, were observed accompanying the 
growth of PEM.  
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                       (a)                                    (b)   
Fig. 3-6. a) ATR-FTIR spectra on the consecutive adsorption of PLL (0.005 M) and PSS 
(0.005 M) in the presence of 1M NaClO4 onto the Si-IRE. Spectra of PEM-1 to PEM-9 (from 
bottom to top) are shown. b) Deposition profile of PEM9-PLL/PSS-NaClO4 rationalized by 
the integrated areas of amide II band (PLL), ν(SO2) band (PSS) and ν(OH) band (H2O) are 
plotted versus the adsorption step z. 
 
   
                       (a)                                    (b)   
Fig. 3-7. a) ATR-FTIR spectra on the consecutive adsorption of PLL (0.005 M, pH 10) and 
PSS (0.005 M) onto the Si-IRE. Spectra of PEM-1 to PEM-9 (from bottom to top) are shown. 
b) Deposition profile of PEM9-PLL/PSS-PH10 rationalized by the integrated areas of amide 
II band (PLL), ν(SO2) band (PSS) and ν(OH) band (H2O) are plotted versus the adsorption 
step z. 
 
 Three PEM-PLL/PSS with different layer numbers, PEM5, PEM9 and PEM13, were 
deposited under two conditions (1 M NaClO4 and pH = 10). The AFM topography images of 
them are shown in figure 3-8 (a to f). Obviously, PEM-PLL/PSS-PH10 formed a thin 
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(thickness d = 6 – 40 nm) and homogenous film with a relatively small roughness (RRMS = 5.6 
– 6.5 nm), while PEM-PLL/PSS-NaClO4 exhibited heterogeneous film with high thickness (d 
= 46 – 165 nm) and large roughness (RRMS = 21 – 84 nm). These observations revealed that  
 
 
(a) 
 
(d) 
 
(b) 
 
(e) 
 
(c) 
 
(f) 
Fig 3-8. The AFM topography images of PEM-PLL/PSS deposited in the presence of 1M 
NaClO4 and under pH 10 condition. a), b), c) are PEM5; PEM9; PEM13 of PLL/PSS deposited 
in the presence of 1M NaClO4, d), e), f) are PEM5; PEM9; PEM13 of PLL/PSS deposited 
under the pH = 10 condition, respectively. 
Polyelectrolyte Mulitlayers 
 
 57
the conformation of PSS had a strong influence on the assembly process and film morphology. 
Figure 3-9 is the sketch for the PEM deposition under two different conditions. During the 
deposition of PEM9-PLL/PSS-PH10, the strong polyanion PSS has a stretched polymer 
conformation and likes to form a tightly bound thin film with rod like -helical PLL 
molecules. Additionally, the fully dissociated PSS molecules repel each other, which prevents 
quick growth of PEM. When the PEM is deposited in the presence of 1 M NaClO4, PSS 
molecules exhibit the coiled conformation due to the charge screening effect of salt and prefer 
to form a thick granular film due to the loss of repulsive electrostatic force between PEL 
molecules and the small occupation area on the surface. 
 
α-helix PLL Coiled PSS in NaClO4 Stretched PSS 
PEM-PLL/PSS-NaClO4
PEM 1 :
Random adsorption
PEM 1 :
Random adsorption
PEM-PLL/PSS-pH10
PEM 2:
PSS  adsorption
PEM 3:
PLL  adsorption
PEM 4:
PSS  adsorption
PEM 2:
PSS  adsorption
PEM 3:
PLL  adsorption
PEM 4:
PSS  adsorption
PEM n PEM n
 
Fig. 3-9 The sketch of polyelectrolyte multilayer formation: deposited in the presence of 
NaClO4 (left) and at the pH = 10 (right). 
 
Table 3-1 lists the properties of PEM-PLL/PVS and PEM-PLL/PSS analysed by 
ATR-FTIR and AFM. It was found that the integrals of diagnostic IR bands of 
PEM-PLL/PSS-NaClO4 and PEM-PLL/PSS-PH10 increased with increasing layer numbers. 
At the same time, the thickness and the roughness of PEM rose proportionally. Furthermore, 
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the thickness and roughness of PEM9-PLL/PSS-PH10 were smaller than that of 
PEM9-PLL/PVS-PH10, which was caused by the higher molecular weight of PVS (Mw: 
300,000 g/mol) relative to PSS (Mw: 70,000 g/mol). But in the high ionic strength condition 
(1 M NaClO4), because the charges of PSS and PVS were all screened, other factors, e.g 
hydrophobic interaction, might dominate the PEM deposition. Hence, PSS relative to PVS 
could be adsorbed more on the surface and helped to from thicker film compared to 
PEM9-PLL/PVS-NaClO4. 
 
Tab. 3-1   The characterization of PLL/PSS and PLL/PVS multilayer systems: integrals of 
diagnostic IR bands, thickness and roughness (AFM). 
 Amide II / 
[cm-1] 
ν(SO2) / 
[cm-1] 
Thickness / 
[nm] 
Roughness 
RRMS / [nm] 
PEM5 0.52 + 0.20 0.85 + 0.20 46 + 2 21 + 3 
PEM9 2.30 + 0.20 3.34 + 0.20 120 + 7 68 + 13 
PLL/PSS 
(0.005 M) 
(1 M NaClO4) PEM13 4.03 + 0.04 5.41 + 0.04 165 + 10 84 + 4 
PEM5 0.45 + 0.01 0.44 + 0.01 6 + 1 5.6 + 0.1 
PEM9 1.14 + 0.10 1.01 + 0.10 15 + 3 6.0 + 0.3 
PLL/PSS 
(0.005 M) 
(pH10) PEM13 3.10 + 0.20 2.86 + 0.20 40 + 6 6.5 + 1.5 
PEM9 – PLL/PVS 
(0.005 M,  1 M NaClO4) 
2.02 + 0.06 2.98 + 0.06 110 + 8 46 + 10 
PEM9 – PLL/PVS 
(0.005 M,  pH10) 
0.92 + 0.10 2.65 + 0.10 32 + 3 30 + 1 
 
As it was mentioned in the introduction part, that there are two processes for PEM 
deposition, linear and exponential growth. Moreover, the properties, e.g. film density, 
roughness etc., are different between two different processes. Therefore, it is necessary to 
investigate the growing type of PEM-PLL/PSS-PH10, so that the deposition process can be 
better understood, as well as the further enantiospecific interaction. Figure 3-10 shows the 
film thickness of PEM-PLL/PSS-PH10 as a function of deposited layer numbers. Obviously, 
PEM showed an exponentially growth up to 21 layers. Additionally, thicknesses of PEM 
shown in figure 3-10 were slightly higher than the values listed in table 3-1, which was due to 
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the drying process  
 
 
Fig. 3-10  Film thickness measured by AFM as a function of layer numbers for 
PEM-PLL/PSS-PH10. Red line is the fitting curve based on exponential equation. 
 
before each AFM measurement. Unlike other exponential growing PEMs, which were 
deposited using high ionic strength, [163] the final PEM-PLL/PSS-PH10 showed featureless 
morphology and its roughness was kept under a relatively low value (PEM21: RRMS = 15 nm). 
This phenomenon is consistent with the observations by Schaaf and his coworkers. [49,50] They 
found a similar behavior using PLL/poly(glutamic acid) (PGA) and PLL/hyaluronic acid 
(HA), which was explained by the mechanism based on polyelectrolyte diffusion “in” and 
“out” of  PEMs. Briefly, the free PLL molecules in PEM can diffuse freely in the inner PEM 
phase in the PLL adsorption step, but are prevented to diffuse out by the repulsion of PLL 
capping layer. Whereas, in the polyanion adsorption step, such free PLL molecules diffuse out 
of the inner phase of PEM to form a complex with the polyanions. Hence these authors claim 
a reservoir predominantly of PLL molecules entrapped electrostatically within the PEM. 
 
3.1.1.3.2 Surface orientation  
 As it was introduced in chapter 1, the polypeptide PLL could adopt an α-helical 
conformation in the presence of the low molecular anions, like ClO4-. Moreover, these rigid 
rod like polypeptides could assemble oriented on the texturized silica surface [160,161]. The 
reason for such predominant oriented assembly within the grooves of texturized surface but 
not across the grooves, presumably, is the higher amount of active Si-OH groups on the 
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bottom across scratched grooves than at the top of the grooves. 
 
 
Fig. 3-11 Sketch of the experimental setup for the ATR-FTIR orientation measurements. A 
polarizer generates the infrared light with parallel polarized light (P) and vertical polarized 
light (S). 
 
ATR-FTIR was used to detect such oriented assembly of α-helical PLL on the 
mechanical texturized silica surface. In the measurement, vertical (S) polarized light and 
parallel (P) polarized light were generated by a polarizer and guided through the same Si-IRE 
(figure 3-11). Because α-helical PLL was assembled along a certain direction on the 
texturized surface, the spectra measured by S- and P- polarization showed different 
informations. In figure 3-12 the S- and P-polarization spectra (amide I and amide II bands) of 
α-helical PLL oriented parallel to the texturized surface are shown. Due to the direction of the 
amide I band (80% ν(C=O), approximately parallel to α-helical axis, angle between transition 
moment and helical axis θ ≈ 30°) and the direction of the amide II band (60% δ(NH) 40% 
ν(CN), approximately vertical to α-helical axis, angle between transition moment and helical 
axis θ ≈ 75°), [164] the amide I and amide II bands have different absorbances for P- and S- 
polarized IR light. For quantitative analysis of the orientation effect, the dichroic ratio (R) is 
commonly used which is defined in the following equation: 
S
p
A
A
R =             eq.3-1 
where AP is the integral of amide band in P-polarization spectrum and AS is the integral of 
amide band in S-polarization spectrum. Typically oriented PLL samples show values of R > 
Riso for amide II band and R < Riso for amide I band. Riso is the dichroic ratio of an ideal 
unoriented sample and is dependent on refractive indices of IRE, medium and PEM (n1, n2, 
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n3). For Si-IRE and thin PEM films Riso ≈ 1.13. [165] Since amide I band interferes with δ(OH) 
band in IR spectrum, amide II band is used in the following discussion. The higher the R 
values of amide II band is, the more oriented PLL is in the PEM. It was found in previous 
studies that R values of amide II band, as well as orientation, increased with increasing 
molecular weights of PLL in PLL/PVS systems. [160] Herein, PEM systems were deposited  
 
Tab. 3-2 Dichroic ratios R of PEM9-PLL/PVS-NaClO4 for varying molecular weights of PEL. 
Mw / [g/mol] 
PLL 
58900 
 
289000 
 
289000 
 
289000 
 
289000 
 
Mw / [g/mol] 
PSS 
4600 
 
4600 
 
8000 
 
18000 
 
70000 
 
Dichroic 
ratio R 
2.8 
 
3.5 
 
2.8 
 
2.3 
 
1.8 
 
 
using different molecular weights of PLL (Mw: 58900 g/mol and 289000 g/mol) and PSS (Mw: 
4600, 8000, 18000, 70000 g/mol). Table 3-2 summarizes the measured dichroic ratios of 
different PEMs deposited from 0.01 M PLL and 0.01 M PSS solutions in the presence of 1 M 
NaClO4. Firstly, the dichroic ratios R increased with increasing PLL molecular weights (from 
58900 g/mol to 289000 g/mol), when the molecular weight of PSS was kept constant (Mw: 
4600 g/mol), which was similar to the results in the previous work. [161] High molecular 
weight α-helical PLL (Mw 289000 g/mol) with long contour length (L ~ 200 nm) can be 
aligned better in the texturized grooves (widths 50-100 nm, heights 5-8 nm) compared to low 
molecular weight PLL (Mw: 58900 g/mol, L ~ 40 nm). The contour length is calculated 
according to the equation: 
pNL •=          eq.3-2 
where N is the degree of polymerization, p is the height of the helical pitch per residue (p = 
0.15 nm). Note that, although the contour length of low molecular weight PLL (Mw: 58900 
g/mol) is comparable with the width of scratched grooves, the existence of a V – shaped 
groove and the use of very small size PSS (Mw: 4600 g/mol) favour orientation of PLL but at 
a lower degree. However, when the molecular weight of PLL was fixed (Mw: 289000 g/mol) 
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and the molecular weight of PSS increased from 4600 g/mol to 70000 g/mol, the dichroic 
ratio R decreased from 3.5 to 1.8. Presumably, during PEM deposition, large PSS molecules 
(high molecular weight) rather disturb and block PLL orientation and reduce the orientation 
degree more than small PSS molecules. Figure 3-13 shows the plot of the dichroic ratio R 
versus the logarithm of PSS molecular weights. Because the size of PSS molecule is related to 
its molecular weight, this plot describes the dependence of PEM orientation on the size of 
PSS molecules.  
 
 
Fig. 3-12 Vertical polarized (S) and 
parallel polarized (P) ATR-FTIR spectra 
of amide I and amide II bands in the 
same multilayer: PEM9-PLL/PSS (PLL 
Mw = 289000 g/mol, PSS Mw = 4600 
g/mol). 
Fig. 3-13 The relationship between dichroic ratio 
and reciprocal of PSS molecular weights, where 
the Mw of PSS is varying from 4600 g/mol to 
70000 g/mol and the Mw of PLL is 289000 g/mol. 
 
The AFM topography images of oriented (anisotropic) PEM9-PLL/PSS(Mw: 4.600 
g/mol)-NaClO4 with R = 3.5 and un-oriented (isotropic) PEM9-PLL/PSS(Mw: 70000 
g/mol)-NaClO4 with R = 2 are shown in figure 3-14 (a) and (b). Clearly, the PEM with R = 3.5 
showed a fibrous quasi-nematic structure with the orientation along the direction of texturized 
grooves (black line cross the image). Furthermore, the wormlike objects had approximate 
lengths of 250-300 nm and widths of around 50 nm, which were comparable to the contour 
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length of PLL and the width of groove, respectively. Whereas the PEM with R =2 showed 
granular structures and no fibrous features, which is due to the loss of PLL alignment by the 
bulkiness of large sized PSS molecules. 
 
 
(a) 
 
(b) 
Fig. 3-14. AFM topography images of (a) PEM9-PLL (Mw: 289.000 g/mol)/PSS (Mw: 4.600 
g/mol) (1M NaClO4) and (b) PEM9-PLL (Mw: 512.000 g/mol)/PSS (Mw: 70000 g/mol) (1M 
NaClO4). 
 
3.1.1.4 PEM-PEI-m/PVS  
In order to investigate the influence of charge density on the PEM deposition and the 
influence of chiral polyelectrolyte type as selector for enantiospecific interaction, 
polyethyleneimine-maltose (PEI-m) was chosen and used for the PEM deposition. For 
preparation of PEI containing oligosaccharide unit (D-maltose), a reductive amination using 
the strong reducing agent borane-pyridine complex on the amino group of hyperbranched PEI 
was performed. Results showed more than 70% NH2 group were modified by maltose units. 
The synthesis procedure and characterization of PEI-m are described in detail therein. [166] 
After modification of PEI by D-maltose, the charge density of PEI-m had decreased 
dramatically. Figure 3-15a and figure 3-16a show the in-situ ATR-FTIR spectra on the 
deposition of PEM-PEI-m/PVS and PEM-PEI-m/PSS for z = 1-9, respectively. Obviously, the 
ν(SO2) band appeared at 1230 cm-1 and additionally a characteristic broad sugar band (δ(CH), 
δ(OH)) between 1500 and 1300 cm-1 was identified. Another indication for PEM growth in 
the figure was the negative bands at 1640 cm-1 (δ(OH)) and 3300 cm-1 (ν(OH)). Similarly to 
previous PEMs, the sugar band and ν(SO2) band increased with increasing adsorption steps, 
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while ν(OH) and δ(OH) bands decreased at the same time. The integrals of ν(SO2), 
δ(CH)/δ(OH) and ν(OH) are plotted in figure 3-15b and figure 3-16b. Obviously, the 
counterwise modulation features of PEI-m and PVS (PSS) adsorption were also present. 
Figure 3-17 shows the AFM topography images of PEM9-PEI-m/PVS and PEM9-PEI-m/PSS. 
A thin and homogenous film of PEM9-PEI-m/PVS with roughness RRMS = 4.4 nm and 
thickness d = 40 nm was observed. Furthermore, PEM9-PEI-m/PSS resulted in a relative thin  
   
            (a)                                  (b) 
Fig. 3-15 a) ATR-FTIR spectra on the consecutive adsorption of PEI-m (0.5mg/mL) and PVS 
(0.005 M) onto the Si-IRE. Spectra of PEM1 and PEM9 (from bottom to top) are shown. b) 
Deposition profile of PEM9-PEI-m/PVS rationalized by the integral of combined 
δ(CH)/δ(OH) (PEI-m) and ν(SO2) band (PVS) are plotted versus z. 
 
   
                         (a)                                  (b) 
Fig. 3-16 a) ATR-FTIR spectra on the consecutive adsorption of PEI-m (0.5mg/mL) and PSS 
(0.005 M) onto the Si-IRE. Spectra of PEM1 and PEM9 (from bottom to top) are shown. b) 
Deposition profile of PEM9-PEI-m/PVS rationalized by the integral of combined 
δ(CH)/δ(OH) (PEI-m) and ν(SO2) band (PSS) are plotted versus z. 
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(a)                                 (b) 
Fig. 3-17 AFM topography images of a) PEM9-PEI-m/PVS and b) PEM9-PEI-m/PSS. 
 
film (d = 15 nm, RRMS = 6.1 nm) compared to the PEM containing PVS. Surprisingly, PEI-m 
can not form PEM with PVS in the presence of 1 M NaClO4, which might be due to the low 
charge density of PEI-m and the enhanced desorption tendency during the PEM deposition. 
[167] 
 
3.1.1.5 PEM-PVP-R*/PVS (PSS)   
As another synthetic chiral polycation, PVP-R* was considered. PVP-R* was obtained by 
alkylation of poly(4-vinylpyridin) with chiral agent (R*: 1-iodo-2-methybutane). The IR 
spectra of alkylated PVP (PVP-R*), as well as unmodified PVP, are shown in figure 3-18. 
From the spectra, it can be found that after alkylation, the original pyridine ring peak at 1600  
 
Fig. 3-18 ATR-FTIR spectra of PVP and PVP-R*. 
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cm-1 (PVP) decreased and was split into two small peaks: protonated pyridine ring (1638 cm-1) 
and deprotonated pyridine ring (1604 cm-1). Another deprotonated pyridine peak at 1414 cm-1 
also decreased. Comparing the integrals of pyridine peaks at 1414 cm-1 before and after 
alkylation, the degree of conversion for the alkylated PVP was obtained: ca. 60%. 
The deposition ATR-FTIR spectra of PEM-PVP-R*/PVS and PEM-PVP-R*/PSS in the 
presence of 0.1 M NaCl are shown in figure 3-19a and figure 3-20a, respectively. Protonated 
pyridine ring band (1640 cm-1) and deprotonated pyridine ring band (1604 cm-1) belong to 
PVP-R*, while ν(SO2) band (1227 cm-1) is from PVS or PSS. With increasing adsorption step, 
these three bands increased and ν(OH) band decreased correspondingly. Interestingly, because 
the pH value was changed alternatively with adsorption steps, the appearance and vanishing 
of deprotonated pyridine ring band accompanied the adsorption steps of PVP-R* and PVS 
respectively. [168] But deprotonated pyridine ring band did not vanish in the 
PEM-PVP-R*/PSS system, which was due to the different pH values of PVS (pH = 3) and 
PSS (pH = 6). When the pH of PVS was adjusted to 5, only partly diminishing of 
deprotonated pyridine ring was observed (data is not shown). However, the protonated 
pyridine ring band was permanently present, regardless of the changing of pH value, which  
 
   
                       (a)                                    (b) 
Fig. 3-19. a) ATR-FTIR spectra on the consecutive adsorption of PVP-R* (0.5 mg/mL) and 
PVS (0.005 M) in the presence of 0.1 M NaCl onto the Si-IRE. Spectra of PEM-1 to PEM-9 
(from bottom to top) are shown. b) Deposition profile of PEM9-PVPR*/PVS rationalized by 
the integrated areas of pyridine band (PVP-R*), ν(SO2) band (PVS) and ν(OH) band (H2O) 
plotted versus the adsorption step z. 
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                       (a)                                    (b) 
Fig. 3-20. a) ATR-FTIR spectra on the consecutive adsorption of PVP-R* (0.5 mg/mL) and 
PSS (0.005 M) in the presence of 0.1 M NaCl onto the Si-IRE. Spectra of PEM-1 to PEM-9 
(from bottom to top) are shown. b) Deposition profile of PEM9-PVPR*/PVS rationalized by 
the integrated areas of pyridine band (PVP-R*), ν(SO2) band (PSS) and ν(OH) band (H2O) 
plotted versus the adsorption step z. 
 
            
 (a)                                 (b) 
Fig. 3-21 AFM topography images of (a) PEM9-PVP-R*/PVS and (b) PEM9-PVP-R*/PSS 
deposited in the presence of 0.1M NaCl. 
 
was due to the result of alkylation. The integrals of protonated pyridine ring band (1640 cm-1), 
ν(SO2) band (1227 cm-1) and ν(OH) band (3300 cm-1) are plotted versus adsorption step z in 
figure 3-19b and figure 3-20b. The low absorption coefficient of the pyridine ring caused the 
weak adsorption amplitudes in the plot. Similarly to the deposition profile of other PEMs, 
modulation features were present. Figure 3-21 shows the AFM topography images of 
PEM9-PVP-R*/PVS and PEM9-PVP-R*/PSS. From the images, it was found that 
PEM9-PVP-R*/PVS formed relative thicker films (thickness: 50 nm) with higher roughness 
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(RRMS = 11 nm), while PEM9-PVP-R*/PSS showed thinner films (thickness: 18 nm) with 
lower roughness (RRMS = 4.7 nm). 
 
3.1.1.6 Comparison of PEM thickness  
 Since all studied PEMs are composed of PVS or PSS, the integrals of ν(SO2) bands could 
serve as a measure for polyanion content of PEMs, which is qualitatively related to the total 
deposition. These values together with thickness are summarized in table 3-3.  
 
Tab. 3-3. Integrals of the ν(SO2) band (PVS / PSS) for the studied PEM systems. 
PEM systems Conditions ν(SO2) integral / 
[cm-1] 
Thickness / 
[nm] 
PEI/PVS PEM-9 / 1 M NaClO4 27.40 350 
PEM-9 / 1 M NaClO4 2.98 110 PLL/PVS 
PEM-9 / pH10 H2O 2.65 32 
PEM-9 / 1 M NaClO4 0 (no signal) 0 PEI-m/PVS 
PEM-9 / H2O 2.76 40 
PVP-R*/PVS PEM-9 / 0.1M NaCl 6.20 50 
PEM-9 / 1 M NaClO4 3.34 120 PLL/PSS 
PEM-9 / pH10 H2O 1.01 15 
PEI-m/PSS PEM-9 / H2O 0.49 15 
PVP-R*/PSS PEM-9 / 0.1M NaCl 1.10 18 
 
1) The effect of polycations. Among all deposited PEMs in this study, PEM9-PEI/PVS, 
PEM9-PLL/PVS and PEM9-PEI-m/PVS were deposited in the presence of 1 M NaClO4. 
From the table, it could be found that the deposited amount and the thickness of them 
decreased in the order: PEM9-PEI/PVS > PEM9-PLL/PVS > PEM9-PEI-m/PVS. Because 
PEI has compact hyperbranched structure in the high ionic strength condition, the PEM 
composed of PEI formed the thickest homogeneous film. But after the modification by 
maltose, the charge density of PEI-m decreased dramatically, which resulted in the failure of 
PEM buildup. The PEM9-PLL/PVS showed moderate thickness with a highly organized film, 
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which was due to the presence of salt (NaClO4) and the α-helical conformation of PLL. 
2) The effect of polyanions. Because of the higher molecular weight of PVS (300,000 
g/mol) compared to PSS (70,000 g/mol), all PEM systems deposited in the salt free condition 
showed thicker films for PEMs containing PVS than PEMs containing PSS. For the PEMs 
deposited in presence of NaClO4, because of the charge screening effect by salt, the deposition 
of PEM, including the adsorption and desorption procedure, was controlled by other factors, 
e.g. hydrophobic force. Therefore, PEM9-PLL/PSS-NaClO4 showed thicker film compared to 
PEM9-PLL/PVS- NaClO4.  
3) The effect of salt. Generally, presence of salt resulted in a thick PEM with high 
roughness. This was due to the salt dependence of polyanion conformation: coiled one in the 
presence of NaClO4 and stretched one for pure H2O.  
 
3.1.2 Enantiospecific interaction to polyelectrolyte multilayers 
Studies on the enantiospecific interaction were performed on the deposited PEMs 
(PEI/PVS, PLL/PVS, PLL/PSS, PEI-m/PSS, PVP-R*/PVS and PVP-R*/PSS) described 
above. L-/D-Glutamic acid (GLU), L-/D-Ascorbic acid (ASC) and L-/D-Tryptophan (TYP), 
as primary chiral probes, were used and L-/D-Phenylalanine (PHE), atenolol etc. were 
included additionally. Different influences, e.g. pH, ionic strength, thickness etc., on the 
enantiospecificity were investigated. Because of the instability of PEM-PEI-m/PSS, it was not 
included in this experiment.  
 
3.1.2.1 Properties of polyelectrolyte multilayer in contact with enantiomers  
Prior to the description of the enantiospecific adsorption experiments, several factors 
influencing ATR-FTIR spectra on PEM in contact with low molecular compound solutions 
have to be considered.  
 
3.1.2.1.1 Spectra of L-/D-Glutamic acid and L-/D-Ascorbic acid 
First of all, the diagnostic IR bands of GLU and ASC for evaluating enantiospecificity 
have to be determined. Accordingly, ATR-FTIR spectra of L-/D-GLU (0.05 M) and L-/D-ASC 
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(0.05 M) in contact with naked Si-IRE are shown in figure 3-22. In the spectra of GLU, there 
were three characteristic bands: ν(C=O) (1710 cm-1), δ(NRH3+) (1600 cm-1) and νa(COO-) 
(1540 cm-1), which are assigned to carboxylic group, ammonium moieties and carboxylate 
group, respectively. It was also found that the black line (L-GLU) and red line (D-GLU) in the 
range 1700 –1500 cm-1 are perfectly overlapped. In the L-ASC spectra, the band at 1760 cm-1 
is assigned to the C=O stretching vibration and the band at 1690 cm-1 is assigned to the 
coupled C=O and C=C stretching vibration. [169] But the bands of D-ASC shift slightly to 
lower wavenumber (1756 cm-1 and 1684 cm-1) in comparison to the corresponding bands of 
L-ASC (1760 cm-1and 1690 cm-1), which is caused by the position of the O-H group on the 
alkyl side chain of D-ASC. Because the ascorbic acid is easily oxidized, the peak at 1584 cm-1 
in the ASC spectra belonging to the deprotonated acidic group is transformed to that of the 
dehydroascorbic acid (C2-OH was oxidized to C=O) after it is exposed to oxygen, metals or 
light. Such oxidation causes the intensive decrease of the ν(COO-) band at 1584 cm-1 with 
time. Since the integral values of the two bands (1759 and 1686 cm-1) aren’t affected by the 
band shifting and oxidation, these two bands are used to evaluate the enantiospecificity. 
 
 
Fig. 3-22 ATR-FTIR spectra of 0.05 M bulk L-/D-Ascorbic acid solution and 0.05 M bulk 
L-/D-Glutamic acid solution in contact with naked Si-IRE surface. The black line and red line 
are related to L-form and D-form enantiomers, respectively. 
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3.1.2.1.2 Influence of rinsing 
Usually, chiral recognition is considered to be associated with weak interaction force 
between chiral selector and chiral probes, so that even tiny changes in the interaction 
environment might disturb the chiral recognition. Figure 3-23a shows the spectra of L-GLU in 
contact with PEM-PLL/PVS-NaClO4 and the spectra of bound L-GLU on 
PEM-PLL/PVS-NaClO4 after H2O rinsing step. The intensity of diagnostic bands of GLU 
decreased markedly after the rinse step. Figure 3-23b contains the schematic view of 
PEM/GLU under two conditions. In the presence of GLU solution, the high intensity of GLU 
band in the IR spectrum consists of three contributions: the tightly bound GLU molecules, the 
loosely bound GLU molecules and the GLU molecules in the bulk solution. It is assumed that 
both the tightly and loosely bound GLU accomplish the chiral recognition by enrichment at 
the chiral interface. Presumably, during the water rinse step, shear forces sweep away the 
loosely bound GLU molecules from the PEM. Hence, in this work enantiospecificity of PEMs 
was studied for the case, that the GLU is present on the PEM, because the enrichment is part 
or origin of the chiral interaction process. 
 
 
Fig 3-23 (a) ATR-FTIR spectra of 0.05 M L-GLU solution in contact with 
PEM9-PLL/PVS-NaClO4 and of bound L-GLU at PEM9-PLL/PVS-NaClO4 after water rinse. 
(b) The schematic models of GLU adsorption process on the PEM9-PLL/PVS-NaClO4 in the 
presence of 0.05 M L-GLU and after water rinse. 
 
Additionally, the influence of spectral contributions from bulk solution on the 
enantiospecificity evaluation should be discussed. Due to the property of the evanescent wave, 
the contribution of bulk GLU solution on the total GLU band integral for thick PEM is 
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smaller compared to thin PEM. According to eq.2-1, if the contribution of band integral due to 
bulk GLU solution (the integral of 0.05 M GLU in contact with naked Si-IRE is 
approximately 0.6 cm-1) had been subtracted qualitatively from the total GLU band integral, 
the enantiospecificity SE value for all PEMs would be enlarged with different scale. However, 
thin films must be scaled to a larger degree than thick film, since the spectral contribution of 
bulk solution on thin film plays a more substantial role in the total band integral. Therefore, a 
scaling factor SF is introduced for evaluating the integrals of true adsorbed amount of 
enantiomers (ABOUND). The integrals of bound enantiomers are obtained according to the 
following equation: 
ABOUND = AORIG – SF × ABULK       eq.3-3 
Where AORIG is the total absorbance got directly from ATR-FTIR, including bulk and bound 
GLU contributions, ABULK are the absorbance of bulk enantiomer solution in contact with 
naked Si-IRE. The scaling factor SF is calculated by comparing the effective thicknesses (de) 
for bulk enantiomer solution in contact with naked Si-IRE (z1 = 0) and with PEMs (z1 > 0) 
based on lambert-beer law (eq.2-5). An exact description is given in the appendix. In this 
dissertation, all SE values were evaluated using ABOUND in eq.2-1, including those based on the 
measured PEM thickness (SF > 0.47) and those based on a full subtraction (SF = 1) of the 
bulk-GLU integral which were listed in brackets. 
 
3.1.2.1.3 Influence of the solvents (H2O/D2O) on ATR-FTIR spectra 
 In the ATR-FTIR spectra of adsorbed chiral compounds, the diagnostic bands of GLU 
(carboxylic acid band) and ASC (coupled C=O and C=C stretching vibration) overlap with the 
δ(OH) band in the range of 1700 – 1600 cm-1, which affect IR band analysis in this spectral 
range. Hence, in order to evaluate the spectral influences of δ(OH) band on GLU/ASC band 
integral and thus enantiospecificity, the ATR-FTIR measurements were performed and 
compared using H2O and D2O as a solvent. Using H2O as solvent, OH bands in the range of 
3600 –3200 cm-1 (ν(OH)) and 1700 – 1600 cm-1 (δ(OH)) show up, while using D2O, the 
corresponding IR bands of D2O appear at wavenumber: 2800 –2200 cm-1 and 1200 cm-1. 
Hence, D2O caused a shift of the δ(OH) band away from GLU band position and provided 
better spectra to evaluate enantiospecificity. Figure 3-24 presents the ATR-FTIR spectra of 
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L-/D-GLU (0.05 M) and L-/D-ASC (0.05 M) in contact with PEM9-PLL/PSS-NaClO4 under 
the H2O and the D2O conditions. After H2O was substituted by D2O, the δ(ND3+) band of 
GLU at 1620cm-1 appeared and the shoulder at 1500 cm-1 diminished. Table 3-4 lists the 
enantiospecificity SE values of PEM9-PLL/PSS-NaClO4 for GLU and ASC in H2O and D2O 
solutions. It revealed that the enantiospecificities of PEM for GLU and ASC in D2O were 
slightly higher than those in H2O, which was due to the influence of δ(OH) band in this 
spectral range. Additionally, the existence of slightly stronger hydrogen bonds with deuterium 
might also contribute to this small difference. Therefore, because the influence of δ(OH) band 
on the enantiospecificity was small and the cost of D2O, H2O was further used as the standard 
solvent in the following chiral recognition studies.  
 
 
Fig. 3-24 ATR-FTIR spectra of L-/D-GLU (0.05 M) and L-/D-ASC (0.05M) in contact with   
PEM9-PLL/PSS-NaClO4 under H2O and D2O. The black line and red line are related to L-form 
and D-form enantiomers, respectively. 
  
Tab. 3-4 Spectral influences of H2O and D2O on enantiospecificity SE value of 
PEM9-PLL/PSS-NaClO4 in contact with GLU and ASC. The SE values in brackets are related 
to full subtraction (SF = 1) of bulk-GLU contribution. 
 Solvent Glutamic Acid (0.05M) Ascorbic Acid (0.05M) 
H2O 11 % (15 %) 2 % (2 %) PEM9-PLL/PSS 
-NaClO4 D2O 13 % (19 %) 2 % (3 %) 
 
 
Polyelectrolyte Mulitlayers 
 
 74
3.1.2.1.4 Spectral influence of PEM thickness and outermost layer 
Generally, PEMs show more or less swelling properties, especially for the PEMs 
containing a low number of ion pairs. For such swellable PEMs, there is the observation that 
the thicker the PEM is, the more swelling occurs. In the IR spectrum, this swelling effect of 
PEM results in the decrease of characteristic bands of PEM and creates problems for 
evaluation of IR band integrals and enantiospecificity. Additionally, from the AFM 
measurements for PEM-PLL/PSS deposition (chapter 3.1.1.3), it was found that the 
morphology of PEM changed with changing film thickness. Hence, investigating the 
influence of the PEM film properties under enantiomer solution on ATR-FTIR data is 
important for the following experiments.  
 
 
Fig. 3-25 ATR-FTIR spectra of 0.05 M L-GLU solution in contact with PEM9-; PEM10-; 
PEM13-PLL/PVS-NaClO4. The bulk GLU (0.05 M) spectrum is also shown on the top. 
 
Figure 3-25 shows the spectrum of a bulk L-GLU solution in contact with naked Si-IRE 
and the spectra of L-GLU solution in contact with PEM9, PEM10 and PEM11 of 
PLL/PVS-NaClO4. In the spectra, two negative peaks (amide I at 1645 cm-1 and amide II at 
1548 cm-1) were observed when L-GLU was immersed on the PEMs, which was due to the 
swelling effect of PEM in the presence of GLU solution. The reason for PEM swelling is the 
acidity of 0.05 M GLU solution (pH: 3.3), which protonates the free amino groups of PLL and 
makes PEM more hydrophilic. Additionally, the high osmotic pressure of PLL-ClO4- in PEM 
also contributes to the swelling effect. Comparing the spectra of L-GLU on the 
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PEM-PLL/PVS with the spectrum of bulk L-GLU on the naked Si-IRE in figure 3-25, it was 
found that the L-GLU molecules with negative charge were strongly adsorbed onto the PEM9 
and PEM11 with positively charged outermost layer by attractive electrostatic force, whereas 
few L-GLU molecules could be adsorbed by PEM10 with negatively charged outermost layer 
under repulsive electrostatic force. Increasing the thickness of PEM (layer number) increased 
the adsorbed amount of GLU and the precision in evaluating enantiospecificity of PEM, but, 
at the same time, unfavorable negative peaks due to spectroscopic swelling could enlarge the 
error for evaluation. Therefore, the PEM with 9 layers (PEM9) was used as an optimum for 
the following enantiosepcific adsorption experiments. For the PEMs deposited at pH = 10 
condition, no obvious swelling effect was observed in the presence of GLU solution, which 
might be due to the absence of charged ammonium groups in the deposited PEM. 
 
3.1.2.2 Influence of polyelectrolyte structure: chiral or non-chiral 
Generally, surface chiral recognition needs a ‘template’ substrate containing chiral 
moieties. However, using a non-chiral substrate as chiral selector for chiral discrimination was 
also reported. [170] Hence, the non-chiral PEM-PEI/PVS and chiral PEM-PLL/PVS were 
interacted with L-/D-GLU under the same condition in order to study the influence of 
chirality in PEM. Figure 3-26a shows in-situ ATR-FTIR spectra of L-GLU (black line) and 
D-GLU (red line) solutions with various concentrations (0.001M to 0.05 M) in contact with 
non-chiral PEM9-PEI/PVS-NaClO4. In the range of 1750 cm-1 to 1450 cm-1, perfectly 
overlapped spectra of L- and D- GLU were observed. For quantitatively evaluating the 
adsorption behavior, the sum integrals of L-/D-GLU bands in the range of 1770 cm-1 to 1480 
cm-1 are plotted in figure 3-26b. Here it has to be noted, that for the GLU concentration higher 
than 0.01 M, the ATR-FTIR method senses also the spectral contribution from the bulk 
volume phase, as it was shown in figure 3-22. However this contribution is obviously linear to 
cGLU (figure 2-9) and can be considered in the following analytical function, which consists of 
a cGLU dependent Langmuir type and linear term: 
GLU
GLU
GLU Cc
cB
cA
A ++=
0    eq.3-4 
where A0, B and C denote adjustable parameters. From A0 the uptake and from B = k2/k1 the  
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                       (a)                                   (b) 
Fig. 3-26 a) ATR-FTIR difference spectra between PEM9-PEI/PVS-NaClO4 in contact with 
L-/D-GLU solutions and the PEM in contact to pure water. The black line and red line are 
related to L-GLU and D-GLU, respectively. b) Sum integrals of the overlapped band 
(1750-1480 cm-1) due to bound L- and D-GLU at the PEM9-PEI/PVS-NaClO4 in dependence 
of cGLU. The data were fitted by an analytical function given in eq. 3-4. 
 
   
                     (a)                                    (b) 
Fig.3-27 a) ATR-FTIR difference spectra between PEM9-PLL/PVS-NaClO4 in contact with 
L-/D-GLU solutions and the PEM in contact to pure water. b) Sum integrals of the overlapped 
band (1750-1470 cm-1) due to bound L- and D-GLU on the PEM-PLL/PVS-NaClO4 in 
dependence of cGLU. The data were fitted by an analytical function given in eq. 3-4. The black 
and red lines are related to L-GLU and D-GLU, respectively. 
 
ratio between the rate constants of forward and backward binding reaction can be determined. 
The fitting curves in figure 3-26b are based on this equation. Obviously, both curves did not 
deviate from each other indicating that non-chiral PEM9-PEI/PVS-NaClO4 has no ability for 
chiral recognition.  
Whereas, figure 3-27a shows the in-situ ATR-FTIR spectra of L-GLU (black line) and 
D-GLU (red line) solutions of various concentrations (0.001M to 0.1M) in contact with 
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PEM9-PLL/PVS-NaClO4. A partly overlapped lineshape in the spectral region between 1750 
and 1450 cm-1 was observed for both L- and D-GLU. In that spectral region, an evident 
difference between L-GLU and D-GLU was predominantly visible in the range of 1650 cm-1 
to 1380 cm-1, where νa(COO-) and νs(COO-) bands contribute. However, no obvious 
difference was found for the ν(C=O) band (1710 cm-1). This phenomenon indicates that the 
deprotonation of GLU is a precondition for the chiral recognition, which suggests the strongly 
attractive electrostatic interaction helps chiral discrimination.  
The integrals in the range (1770 – 1470 cm-1) of GLU are plotted versus cGLU in figure 
3-27b. After an initial steep rose up to 0.02 M, a linear increase was obtained from 0.02 M up 
to 0.1 M. These data were fitted by an analytical function consisting of a langmuir and linear 
term (eq.3-4). Qualitatively, comparing the two concentration dependent courses for D-GLU 
and L-GLU, a significant preference of D-GLU was obtained at high cGLU, which was 
supported by the higher A0 value for D-GLU (A0,D = 0.85 cm-1) compared to L-GLU (A0,L = 
0.76 cm-1) based on eq. 3-4. Using eq. 2-1, an enantiospecificity value of this PEM of SE ≈ 
12% was obtained. 
 
3.1.2.3 Influence of aqueous medium 
 pH variation     According to the results in the previous part, electrostatic forces 
contribute to chiral discrimination. Hence, altering electrostatic interaction between chiral 
selector and chiral probes probably influences the enantiospecificity of PEM. pH value is 
usually considered as an important parameter for controlling the dissociation degree and thus 
the charge of weak polyelectrolytes (PLL) and amino acids (GLU). Figure 3-28a shows the 
ATR-FTIR spectra of 0.05M L-/D-GLU solutions at different pH values (from pH 2.5 to pH 7) 
in contact with PEM9-PLL/PVS-NaClO4. The isoelectric points (IEP) of glutamic acid and 
lysine are 3.22 and 9.76, respectively. Hence when the pH of L-/D-GLU was 2.5 or 3, both 
glutamic acid and PLL had positive charge, so that few GLU could be bound onto the PEM 
due to repulsive electrostatic interaction. In the ATR-FTIR spectra, three diagnostic bands 
(ν(C=O), ν(-COO-) and δ(NRH3+)) of GLU were visible, which originate mainly from the 
bulk GLU solution (figure 3-22). When the pH value of GLU solution was increased beyond 
its IEP up to 7, the carboxylic acid group (-COOH) of GLU was deprotonated and the charge  
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                       (a)                                      (b) 
Fig. 3-28 a) ATR-FTIR difference spectra between PEM9-PLL/PVS-NaClO4 in contact with 
0.05 M L-/D-GLU solutions with pH variation and the PEM in contact to pure water. b) Sum 
integrals of the overlapped band (1750-1470 cm-1) due to bound L- and D-GLU on the 
PEM9-PLL/PVS-NaClO4 in dependence of pH variation. The black line and red line are 
related to L-GLU and D-GLU, respectively. 
 
    
                       (a)                                     (b) 
Fig. 3-29 a) ATR-FTIR difference spectra between PEM9-PLL/PVS-NaClO4 in contact with 
0.05 M L-/D-GLU solutions with ionic strength variation and the PEM in contact to pure water. 
b) Sum integrals of the overlapped band (1750-1470 cm-1) due to bound L- and D-GLU at the 
PEM9-PLL/PVS-NaClO4 in dependence of ionic strength variation. The black line and red line 
are related to L-GLU and D-GLU, respectively. 
 
sign was reversed from positive to negative, which was proved by the diminishing of the 
carboxylic acid band (1710 cm-1) in the spectra. Under such attractive electrostatic interaction, 
the GLU molecules were strongly adsorbed by PEM. The higher the pH value was, the more 
GLU became negatively charged and the more GLU molecules could be adsorbed by 
oppositely charged PEM. Sum integrals of the overlapped bands (1750-1470 cm-1) due to 
Polyelectrolyte Mulitlayers 
 
 79
bound L- and D-GLU on PEM9-PLL/PVS-NaClO4 in dependence of pH variation are shown 
in figure 3-28b. Obviously, there was a jump of the GLU signal above pH = 3 in the plot, 
which was due to the charging of GLU. But another variation should also be considered: the 
charge of PLL decreased with increasing pH value. So there was a balance between charging 
GLU and discharging PLL, which influenced GLU adsorption and enantiospecificity of PEM. 
Controlled by such balance, a maximum value of the adsorbed GLU at pH = 5 was obtained 
shown in figure 3-28b. Comparing the integrals of bound L-GLU and D-GLU according to 
eq.3-3, it was found, that the enantiospecificity increased with increasing pH till pH = 4 (SE: 
16%) then kept constant till pH = 7 (SE: 17%) (figure 3-28b).  
Ionic strength It is known that the charges of weak polyelectrolytes are affected not 
only by pH value but also by ionic strength. In the presence of salt (e.g. NaCl), the charge of 
PLL can be screened by free counter ions, which weakens the intramolecular and 
intermolecular electrostatic interaction. Figure 3-29a shows the ATR-FTIR spectra of 
L-/D-GLU (0.05 M) with different ionic strength (from 0 M to 1 M NaCl) in contact with 
PEM9-PLL/PVS- NaClO4. For the highest ionic strength (1 M) solution, only the signal of 
bulk GLU was visible in the spectrum, which was due to the very weak attractive electrostatic 
interaction. The obvious negative peak at 1650 cm-1 (amide I) resulted from the swelling of 
the multilayers. With decreasing the salt concentration, the adsorbed amount of L-/D-GLU 
increased and the deviation between adsorbed L- and D- GLU enlarged. Finally, in the salt 
free solution (0 M), the highest adsorbed amount and the biggest difference between adsorbed 
L-GLU and D-GLU were found: SE: 14% @ csalt = 0 M (figure 3-29b). The slight deviation 
for cs > 0.01 M was within the error range of the experiment. 
 
3.1.2.4 Influence of thickness  
 Since PEM with differences thicknesses showed different roughness and morphology, 
which was discussed in the chapter 3.1.1, herein, the influence of the PEM thickness on 
enantiospecificity is investigated. Due to the existence of a marked swelling in the 
PEM-PLL/PSS-NaClO4 system, table 3-5 only lists the enantiospecificity SE values of 
PEM-PLL/PSS-PH10 with different layer numbers (thickness) in contact with 0.025 M and 
0.05 M L-/D-GLU solutions. Firstly, the adsorbed amounts of L-/D-GLU increased with  
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Tab. 3-5 The integrals of adsorbed L-/D-GLU and the enantiospecificity SE values of 
PEM-PLL/PSS-PH10 in dependence of different layer numbers. The SE values in brackets are 
related to full subtraction (SF = 1) of bulk-GLU contribution. 
PEM5 PEM9 PEM13 PEM9 PEM17 PLL/PSS 
pH10 L-/D-GLU (0.05 M)  L-/D-GLU (0.025 M) 
Amide II / 
[cm-1] 
0.45 + 0.02 1.14 + 0.40 3.10 + 0.50 1.14 + 0.40 5.31 + 0.30 
L-GLU (0.05 
M) / [cm-1] 
0.33 + 0.10 0.34 + 0.20 0.60 + 0.20 0.25 0.38 
D-GLU (0.05 
M) / [cm-1] 
0.37 + 0.20 0.43 + 0.20 0.72 + 0.20 0.30 0.46 
SE 11 + 2% 
(12 + 2%) 
21 + 5% 
(24 + 5%) 
17 + 4% 
(20 + 4%) 
17% 
(19%) 
18%  
(22%) 
 
increasing PEM thickness, which means the GLU molecules not only stayed on the surface of 
PEM but also diffused into the inner of PEM. Such diffusions of small molecules into PEM 
were also reported by Möhwald [171] and Zeng. [172] Secondly, when 0.05 M GLU solution was 
used for PEM5 and PEM9, the enantiospecificity primarily increased from 11% to 21% with 
increasing the layer numbers as well as the film thickness (from PEM5: 6 nm to PEM9: 15 
nm), then it slightly decreased to 17% (PEM13: 40 nm). Figure 3-30 shows the relation 
between enantiospecificity and the thickness of PEM. Interestingly, when 0.025 M GLU 
solution was used, the enantiospecificity value was constant and independent on the thickness 
of PEM. Such independence of enantiospecificity on PEM thickness using 0.025 M GLU 
could be used to extrapolate the enantiospecificity of PEM with thickness higher than 40 nm 
(PEM13). Combining the results using 0.05 M and 0.025 M GLU, it can be deduced that 
enantiospecificity is dependent on thickness for PEM with thin film, but when PEM thickness 
exceeds a critical value, enantiospecificity will not further depend on PEM thickness. 
Interestingly, for PEMs growing exponentially, two zones, diffusion zone and restructuration 
zone, are claimed, where the “in” and “out” diffusion of polyelectrolyte is only valid in the 
diffusion zone which has constant size, while the restructuration zone under the diffusion zone 
is inaccessible for a diffusion process (reservoir of PLL). [173] Presumably, since in the 
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enantiospecific interaction experiment, GLU molecules only can diffuse into the diffusion 
zone in PEM, enantiospecificity does not further change when the diffusion zone is 
completed. 
 
 
Fig. 3-30 The dependence between enantiospecificity SE value and the thickness of 
PEM-PLL/PSS-PH10. The concentration of GLU is 0.05 M. 
  
Because no obvious swelling of PEM is found in the ATR-FTIR spectra in the presence of 
L-/D-GLU, in my opinion, there are two processes behind the L-/D-GLU adsorption: firstly 
the large amounts of L-/D-GLU molecules approach and attach onto the PEM surface via 
attractive electrostatic interaction. In this process a large amount of GLU molecules crowds 
onto the PEM surface, so that the chance to make chiral recognition becomes small and only 
low enantiospecificity can be achieved. Secondly L-/D-GLU start to diffuse towards the inner 
PEM. In the inner diffusion zone of the PEM, enantiospecific interaction can take place 
towards L-/D-GLU in a competitive way. However, when all chiral selectors are occupied by 
GLU, further diffusion will not contribute to the increase of SE value. 
 
3.1.2.5 Influence of PEM types  
 As it was mentioned in the previous part, that there are two ways to obtain the α-helical 
structure of PLL. One is in presence of 1 M NaClO4, the other is in presence of pH = 10 
solution. The multilayers, PEM-PLL/PVS and PEM-PLL/PSS, formed under these two 
conditions showed different properties concerning thickness, roughness, swelling etc, and  
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Tab. 3-6 Enantiospecificity SE values of PEM9-PLL/PVS and PEM9-PLL/PSS deposited in 
the presence of 1 M NaClO4 and pH 10 conditions. GLU and ASC are the chiral probes. The 
SE values in brackets are related to full subtraction (SF = 1) of bulk-GLU contribution. 
PEM9-PLL/PVS PEM9-PLL/PSS  
NaClO4 / 1 M pH 10 NaClO4 / 1 M pH 10 
Amide II /  
[cm-1] 
2.02 + 0.13 0.92 + 0.20 2.30 + 0.20 1.14 + 0.40 
 
L-Glu (0.05 M) / 
[cm-1] 
1.76 + 0.30 
 
0.33 + 0.10 
 
2.54 + 0.25 
 
0.34 + 0.20 
 
D-Glu (0.05 M) / 
[cm-1] 
2.00 + 0.30 
 
0.39 + 0.10 
 
2.81 + 0.30 
 
0.43 + 0.20 
 
SE (GLU) 12 + 4 % 
(13 + 4 %) 
D > L 
16 + 3 % 
(21 + 3 %) 
D > L 
10 + 2 % 
(11 + 2 %) 
D > L 
21 + 5 % 
(24 + 5 %) 
D > L 
L-Asc (0.05 M) / 
[cm-1] 
0.71 + 0.20 0.36 + 0.10 0.63 + 0.10 0.37 + 0.15 
D-Asc (0.05 M) / 
[cm-1] 
0.72 + 0.20 0.35 + 0.10 0.62 + 0.10 0.47 + 0.16 
SE (ASC) 1 + 3 % 
(2 + 3 %) 
D ≈ L 
3 + 4 %  
(3 + 4 %) 
L ≈ D 
2 + 3% 
(2 + 3%) 
L ≈ D 
22 + 5 %  
(23 + 5 %) 
D > L  
 
such difference could affect their enantiospecificities, although similar components were used. 
Table 3-6 lists the enantiospecificities of PEM9-PLL/PVS-NaClO4, PEM9-PLL/PSS- 
NaClO4, PEM9-PLL/PVS-PH10 and PEM9-PLL/PSS-PH10. From the table, the influence of 
deposition condition (presence of NaClO4 or pH = 10) on enantiospecificity (GLU) was 
obtained: PEM deposited in the presence of 1 M NaClO4 (SE: 10 –12 %) showed a lower SE 
value for GLU compared to PEM deposited in the pH = 10 condition (SE: 16 – 21 %). 
Principally, these two PEMs can not be compared directly, because they have different 
properties, e.g. thickness, roughness, swelling degree. However, from the point of view of 
electrostatic interaction, such difference might be explained on the basis of charge state and 
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shielding of PLL in the PEM. As it was already discussed, electrostatic interactions play a 
significant role for enantiospecificity (see chapter 3.1.2.3). Hence, for PLL associated with 
immobile ClO4- ions (PEM-PLL/PVS(PSS)-NaClO4), the charge screening is more 
pronounced compared to neutral PLL or PLL associated with mobile Br- ions 
(PEM-PLL/PVS(PSS)-PH10). As a consequence, there is weaker electrostatic interaction 
between GLU and PLL-ClO4- compared to PLL-Br- or PLL-neutral. Also the exchangeability 
of ClO4- or Br- by GLU might be different. Furthermore acid-base interaction between GLU 
and PLL-PH10 might be larger compared to PLL-NaClO4. Additionally, the higher 
swellability of PEM deposited in the present of NaClO4, due to different osmotic pressure, 
resulted in a higher adsorbed amount of GLU compared to PEM deposited in the pH = 10. At 
the same time, another influence, PLL content (PPLL), should be considered. Presumably, the 
more PLL exists in PEM, the more chiral recognition opportunities are offered by PEM. The 
PLL content is defined as follows: 
)( 2SOAmideII
AmideII
PLL AA
AP
ν+
=        eq.3-5 
where AAmideII and Aν(SO2) are the integrals of amide II and ν(SO2) bands (table 3-1). PPLL was 
0.27 in PEM9-PLL/PVS-PH10 and 0.53 in PEM9-PLL/PSS-PH10. Accordingly, 
PEM-PLL/PSS-PH10 containing double amount of PLL relative to PEM9-PLL/PVS-PH10 
had the higher enantiospecificity. Because PEMs deposited in the presence of NaClO4 had the 
same PPLL values (0.41 for both PEM9-PLL/PVS-NaClO4 and PEM9-PLL/PSS- NaClO4), the 
weak influence of polyanion type could dominate enantiospecificity. Additionally, due to the 
charge screening, PEM9-PLL/PVS-NaClO4 showed a lower SE value compared to 
PEM9-PLL/PVS-PH10, although it had a higher PPLL value. Generally, the enantiospecificity 
of PEM was dominated by the balance of all influences: swelling and charge shielding result 
in low enantiospecificity, whereas high PLL content of PEM and electrostatics enhance the 
enantiospecifictiy of PEM.  
Surprisingly, nearly all PEMs, except PEM9-PLL/PSS-PH10, showed no or negligible 
enantiospecificities for ASC. Figure 3-31 shows the ATR-FTIR spectra of L-/D-ASC (0.05 M) 
on the PEM9-PLL/PSS-PH10. Theoretically, matchable structures between chiral selector and 
chiral probes are prerequisite for chiral recognition. Presumably, the structures of the lysine 
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monomers of PLL and sugar-like ASC are non-matchable. The exception was the system 
PEM-PLL/PSS-PH10, which was completely unexpected. The only explanation is that beside 
the strong acid-base interaction between neutral PLL and ASC, the hydrophobic one due to 
PSS also strongly contributes to chiral recognition. 
 
 
Fig. 3-31 ATR-FTIR spectra of L-/D-ASC (0.05 M) in contact with PEM9-PLL/PSS-PH10. 
Inlet spectra: ν(OH) band of L-/D-ASC in contact with PEM9-PLL/PSS-PH10. The black line 
and red line are related to L-ASC and D-ASC, respectively. 
 
3.1.2.6 Influence of orientation  
 In  chapter  3 .1 .1 ,  the  inf luence  of  or ienta t ion on the  morphology of 
PEM9-PLL/PSS-NaClO4 was discussed. Herein, the influence of orientation on the 
enantiospecificity is addressed. The integrals of amide II band, the dichroic ratios and the 
corresponding enantiospecificity SE values for PEM9-PLL/PSS-NaClO4 are listed in table 3-7. 
Firstly, oriented PEM containing high molecular weight PLL (Mw: 289000 g/mol) showed a 
higher enantiospecificity value (SE: 12 –15 %) compared to PEM containing low molecular 
weight PLL (Mw: 58900 g/mol) (SE: 5 %), which suggested, that the surface orientation 
promoted enantiospecificity. Presumably, oriented PLL molecules in the PEM may expose a 
high dipole moment as an additional interaction force for enantiospecificity. As another way 
to change the orientation in PEM, the molecular weight of PSS was varied from 4600 g/mol 
to 70000 g/mol while high molecular weight PLL (Mw: 289000 g/mol) was used. However, 
high orientation degree (dichroic ratio R = 3.5) induced by low molecular weight PSS (Mw:  
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Tab. 3-7 The dichroic ratio R and enantiospecificity SE of PEM9-PLL/PSS-NaClO4 with 
varying PLL or PSS molecular weights. The SE values in brackets are related to full 
subtraction (SF = 1) of bulk-GLU contribution. 
MW (PLL) / [g/mol] MW (PSS) / [g/mol] Thickness / [nm] R SE  (D > L) 
58.900 4.600 50 2.8 5% (6%) 
289.000 4.600 60 3.5 12% (14%) 
289.000 8.000 55 2.8 15% (17%) 
289.000 18.000 85 2.3 14% (16%) 
289.000 70.000 100 1.8 14% (17%) 
 
4600 g/mol) did not cause a high enantiospecificity. Moreover, enantiospecificity did not 
change or even slightly increased with decreasing dichroic ratio. Considering the weak 
thickness influence and similar PPLL values (in the range of 0.49 ~ 0.55), this observation 
might give a hint for the complexation features between PLL and PSS. As it was mentioned 
before, large PSS molecules (Mw: 70,000 g/mol), relative to small PSS molecules (Mw: 4,600 
g/mol), disturbed the orientation of PLL and might result in worse complexation degree with 
PLL, which means more unpaired charges on PLL exist. Therefore, in the case of 
PEM-PLL/PSS containing high molecular weight PSS, it was not the orientation but the 
number of available unpaired PLL charges, which dominated the SE value.  
 
3.1.2.7 Enantiospecficity of non-peptidic PEM 
 Besides the PLL/PSS and PLL/PVS systems, also other chiral polyelectrolyte multilayer 
systems were investigated. Figure 3-32a shows the ATR-FTIR spectra of L-/D-enantiomers 
(GLU and ASC) in contact with non-peptidic PEM of PEI-m/PVS (PEM9). The bands of 
adsorbed L-/D-GLU perfectly superposed on each other and the bands of L-/D-ASC at 
1685cm-1 showed little difference. The enantiospecificity SE values of them are listed in table 
3-8. It is found that PEM9-PEI-m/PVS had higher enantiospecificity for ASC than GLU, 
which might be due to the different structures between chiral selector (D-maltose) and chiral 
probes. Because PEI-m contains sugar-like maltose groups, which are presumably more able  
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                   (a)                                   (b) 
 
(c) 
Fig. 3-32 ATR-FTIR spectra of L-/D-enantiomers (GLU and ASC) in contact with 
PEM9-PEI-m/PVS (a), PEM9-PVP-R*/PVS-NaCl (b) and PEM9-PVP-R*/PSS-NaCl (c). The 
black line and red line are related to L-GLU (ASC) and D-GLU (ASC), respectively. 
 
Tab. 3-8 Sum of enantiospecificity SE for GLU and ASC by using non-peptidic 
polyelectrolyte multilayers as substrates. The SE values in brackets are related to full 
subtraction (SF = 1) of bulk-GLU contribution. 
Enantiospecificity SE GLU (0.05M) ASC (0.05M) 
PEM9-PEI-m/PVS 2 + 1 % (2 %) 
(L ≥ D) 
30 + 6 % (50 %) 
(L > D) 
PEM9-PVP-R*/PVS 0 % (0 %) 
(L ≈ D) 
15 + 4 % (20 %) 
(D > L) 
PEM9-PVP-R*/PSS 2 + 1 % (2 %) 
(D ≥ L) 
5 + 1 % (6 %) 
(D > L) 
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to form chiral interaction with the similar sugar-like ASC (matching through 
hydrogenbonding). Whereas, due to the non-matchable structures of maltose and GLU, 
PEM-PEI-m/PVS showed no enantiospecificity for GLU. Unlike the PEM systems containing 
PLL, PEM-PEI-m/PVS showed chiral recognition for L-enantiomer over D-enantiomer, 
which was due to the D-form of maltose.  
Figure 3-32b and figure 3-32c show the ATR-FTIR spectra of L-/D-enantiomers (GLU 
and ASC) in contact with PEM9-PVP-R*/PVS and PEM9-PVP-R*/PSS. The negative peak at 
1605 cm-1 for ASC in the spectra was due to the vanishing of protonated pyridine group under 
acidic condition. The slight difference for L-/D-ASC was visible on PEM9-PVP-R*/PVS, but 
no spectral difference for L-/D-GLU was obtained. The enantiospecificities of PEMs are 
listed in table 3-8. Similarly to PEM-PEI-m/PSS system, PEM9-PVP-R*/PVS showed an 
evident enantiospecificity for ASC (D-ASC over L-ASC) but not for GLU. 
PEM9-PVP-R*/PVS had a higher enantiospecificity for ASC than PEM9-PVP-R*/PSS which 
could be due to the influence of PEM thickness (see table 3-3).  
 
3.1.2.8 Enantiospecificity for other chiral probes 
 Besides the GLU and ASC, other chiral probes, phenylalanine (PHE), tyrosine (TYR), 
camphorsulfonic acid (CSA) and the drug atenolol, were also used to interact with chiral 
PEMs. But, unfortunately, the current polyelectrolyte multilayer systems did not show 
enantiospecificity for most of them. Several reasons for that are illustrated here: 1) 
unmatchable structures exists between chiral selector and chiral probe (like CSA), 2) no 
strong electrostatic interaction exists between chiral selector and chiral probes (like PHE), 3) 
the chiral probe has too weak IR bands (low solubility, small infrared absorption coefficient) 
to be detected by ATR-FTIR (like TYR). 
 Figure 3-33 shows the ATR-FTIR spectra of R-/S-atenolol on the naked silicon plate and 
on PEM9-PLL/PVS-NaClO4. The peak at 1670 cm-1 is assigned to amide I band and the peak 
at 1514 cm-1 is assigned to amide II band of the amino group. Due to the positively charged 
group of Atenolol (repulsive to PLL charge), few atenolol was adsorbed onto the PEM. 
However, slight difference between R- and S- atenolol is still visible. Comparing the integral 
of amide II band (1514 cm-1), the enantiospecificity of PEM towards atenolol was obtained 
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(SE: 16%, R > S). 
 
 
Fig. 3-33 ATR-FTIR spectrum of 0.025M R-Atenolol in contact with naked silica and 
ATR-FTIR spectrum of 0.025M R-Atenolol (black) and S-Atenolol (red) in contact with 
PEM9-PLL/PVS-NaClO4. 
 
3.1.2.9 Chiral PEM modified membrane  
The polyelectrolyte multilayer deposition on the solid surface and their abilities for chiral 
recognition were discussed in the previous part. Because those PEM were deposited on planar 
substrates, it was interesting to test other substrates with higher surface area. Membranes are 
such candidates which are known to be modified by grafting and casting techniques. 
Therefore, in this study membranes were modified by PEM and its enantiospecificity was 
determined.   
 
3.1.2.9.1 Characterization of PEM modified membranes 
 The SEM images of the PEM coated/un-coated nitrocellulose membranes (NC) are 
presented in figure 3-34. After PEM9 was coated on the NC membrane, the small pores in the 
membrane were filled and flatted by deposited PEM, the fibrillar wall of the large pores in NC 
membrane was roughened. After PEM21 was coated, the original porous structure of NC 
membrane was missing and the PEM film with granular morphology was visible in the image. 
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                (a)                                     (b) 
 
(c) 
Fig. 3-34 SEM images of a) naked nitrocellulose membrane. b) nitrocellulose membrane 
coated with PEM9-PLL/PSS-PH10. c) nitrocellulose membrane coated with 
PEM21-PLL/PSS-PH10.  
 
3.1.2.9.2 Enantiospecific permeation 
 Due to the low sensitivity of GLU for UV measurements and the oxidation of ASC in the 
air, L-/D-Tryptophan (TRP) was used as chiral probe in the enantiospecific permeation 
experiment. A summary of the resulting permeability coefficients and enantiospecificities for 
the modified membranes using different solvents is given in table 3-9. At the beginning, 9 
layers modified NC membrane didn’t show any enantiospecificity for L-/D-TRP. After 
increasing the layer numbers of PEM up to 21, the permeability coefficient of L-TRP and 
D-TRP decreased, which was due to the reduction of the pore size in membrane, but the 
enantiospecificity started to increase, which was contributed to the thickness increase of the 
coated PEM.   
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Tab. 3-9 Summary of the permeation experiments 
Membranes PL 
[cm2 /s] 
PD 
[cm2 /s] 
Enantiospecificity 
PL/PD 
Solvent 
NC-PEM9-PLL/PSS-PH10 5.45 * 10-7 5.47 * 10-7 1 H2O 
NC-PEM21-PLL/PSS-PH10 2.81 * 10-8 2.63 * 10-8 1.07 H2O 
PTFE-PEM9-PLL/PSS-PH10 1.50 * 10-8 1.31 * 10-8 1.14 75% EtOH – 
25% H2O 
 
 
    (a)                                   (b) 
Fig. 3-35 a) Concentrations of L- and D- TRP in the downstream compartment of permeation 
cell as a function of time for the PEM9-PLL/PSS modified PTFE membrane. The solvent was 
75% EtOH and 25% H2O. b) UV/Vis spectra of L- and D- TRP in the downstream 
compartment after 46 hours.  
 
In order to simplify the multilayer deposition process on the membrane but with low 
permeability coefficient, another type of membrane, PTFE, was used in the permeation 
experiment. 9 layers PEM-PLL/PSS-PH10 were coated on the PTFE membrane and 
EtOH/H2O (75/25 v/v) was used as solvent for the TRP permeation. Figure 3-35a and b show 
the dependence of L-/D-TRP concentration in the downstream compartment on the 
permeation time using PEM modified PTFE membrane and UV/Vis spectra of L-/D-TRP in 
the downstream compartment after 46 hours, respectively. Due to the hydrophobicity of PTFE, 
the permeability coefficient of TRP in modified PTFE membrane was decades lower than that 
of NC membrane coated with the same PEM9-PLL/PSS-PH10, but higher enantiospecificity 
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of it is observed up to 1.14. This chiral recognition was mainly based on the α-helical 
conformation of peptidic chiral selector, which was also found by Frank [132] using grafted 
membrane for enantiospecific permeation.  
 
3.1.3 Protein adsorption at chiral PEMs 
Proteins are large chiral organic compounds, since they consist of hundreds of chiral 
amino acids arranged in a linear chain and joined together by peptide linkage. Beside this 
primary structure, proteins also consist of chiral secondary structures, like α-helix and β-sheet. 
Therefore, it was interesting to ask, if proteins show also enantiospecific adsorption on chiral 
PEM. In this study, myoglobin, the primary oxygen-carrying pigment of muscle tissues, was 
chosen as probe because it has 8 right-handed α-helices resulting in a high α-helical content 
(more than 70% of whole structure) [174]. Figure 3-36 shows the ATR-FTIR spectra of MYO in 
contact with PEM9-PLL/PSS and PEM9-PDL/PSS after 15 hours. Obviously, the amide 
bands of MYO on PEM9-PDL/PSS-PH10 (Aamide II: 0.22 cm-1) had higher intensity compared 
to that on PEM9-PLL/PSS-PH10 (Aamide II: 0.17 cm-1). In figure 3-37, the adsorption kinetics 
curves for MYO adsorption are shown. Due to the low adsorbed amounts, the weak amide I 
and II signals showed a large scattering. However, it could be deduced that 
PEM9-PDL/PSS-PH10 adsorbed MYO faster than PEM9-PLL/PSS-PH10.  
 
 
Fig. 3-36 ATR-FTIR spectra of MYO (1 mg/mL) in contact with PEM9-PLL/PSS and 
PEM9-PDL/PSS after 15 hours. 
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Fig. 3-37 Adsorption kinetics of MYO (1 mg/mL, PBS) onto PEM9-PLL/PSS-PH10 (black 
points) and PEM9-PDL/PSS-PH10 (red points). The fitting curve is according to eq. 3-8. 
 
According to the previous finding that chiral selector and chiral probe with opposite 
chirality prefer to bind together, the difference of MYO adsorption behaviour on the two 
PEMs with different chirality is reasonable: MYO molecules with right-handed helix prefer to 
bind more on the PEM containing PDL with left-handed helix. Considering the time 
dependent adsorption behavior [142], after sufficient adsorption time (15 hours), the structure 
rearrangement process of adsorbed MYO molecule on the chiral PEM was completed and 
presumably, α-helical parts of MYO may have oriented towards the polypeptide surface in a 
more or less enantiospecific fashion. According to eq. 2-1, the enantiospecificity of protein 
MYO adsorption on chiral PEMs is estimated as ca. 25% (15 hours). 
 
3.1.4 Summary 
According to the results of PEM preparation and application shown in chapter 3.1, it can 
be concluded that: 
• PEMs of various chiral polyelectrolytes were deposited by consecutive adsorption of 
oppositely charged PEL on Si-IRE. Studied PEM systems were especially PLL/Polyanion 
(PA), PVP-R*/PA, PEI-m/PA and PEI/PA (PA: PSS or PVS). The deposition of PEMs and 
their interaction with chiral probes were studied using in-situ ATR-FTIR, AFM, 
UV-Spectroscopy etc. 
• The uptake of chiral probes from solution to these PEMs was determined via typical IR 
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band integrals (AL, AD) and scaled subtraction of bulk contribution. Main probes were 
L/D-GLU (amino acid) and L/D-ASC (vitamin C). Generally, a reversible enrichment of 
chiral probes in or at the PEM (e.g. PEM-9) was obtained under attractive electrostatic 
interaction.  
• The chiral PEM films showed significant enantiospecificities for model chiral probes, like 
amino acids and vitamins, in aqueous solutions. PEM of non-chiral PEL showed neither 
SE for L/D-GLU and nor for L/D-ASC. Chiral PEM containing PLL showed significant 
enantiospecificity for L/D-GLU (D > L) but not for L/D-ASC. Whereas, chiral PEM 
containing PEI-m (L > D) or PVP-R* (D > L) showed significant enantiospecificity for 
L/D-ASC but not for L/D-GLU.  
• The dependences of enantiospecificity on pH value and ionic strength pointed out, 
unexpectedly, an improvement of SE by enhancing long range electrostatic interaction. 
Enantiospecificity showed a strong dependence on PEM thickness for thin PEM and no 
further one for thick PEM. Other factors, e.g. swelling effect, PLL content, could also 
affect SE value but in different direction. Additionally, there was an influence of surface 
orientation of PEM-PLL/PSS on enantiospecificity for PEM varying PLL molecular 
weight but not varying PSS molecular weight. 
• Permeation studies at PTFE and NC membranes, which were modified by PEM of 
PLL/PSS, showed significantly higher fluxes for L- over D-Tryptophan.  
• Myoglobin was adsorbed more on the PEM-PDL/PSS compared to PEM-PLL/PSS, due to 
recognition of both chiral amino acids and presumably α-helical structure.
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3.2 Polyelectrolyte complex dispersion 
3.2.1 Properties of PEC particles     
 While in a previous work the system PEC-PDADMAC/PMA-MS was described as a 
stable monomodal colloid dispersion [102], herein another system, PEC-PDADMAC/PSS, is 
introduced. Analogously, applying respective molar mixing ratios PEC-0.66-0x particles and 
PEC-1.50-0x particles were prepared, which were further refined in consecutive cycles (1x, 
2x) including centrifugation of the dispersion, decantation of the supernatant and redispersion 
of the coacervate phase (see Experimental). In the following, the properties of PEC-0x, 
PEC-1x and PEC-2x dispersions will be introduced for both mixing ratios. 
 
3.2.1.1 Charge and mass of PEC dispersion  
 At first the PEC particle dispersion was characterized by colloid titration and gravimetry 
to get an idea of the charge and mass balance of the colloid system. The results are given in 
the table 3-10 for PEC-1.50 and PEC-0.66, respectively, in dependence of the centrifugation 
step (the protein related data will be discussed below). 
First of all, the charge sign of all PEC-0.66 samples (starting potential of PEC-0x: +905 
mV) appeared to be positive and that of all PEC-1.50 samples (starting potential of PEC-0x: 
-557 mV) to be negative and the uncentrifuged dispersion PEC-0.66-0x contained a higher 
number of charges than PEC-1.50-0x. However, after the first centrifugation step a strong 
relative diminution of the initial number of charges (100 %) to 16 % for PEC-0.66-1x and to 
15 % for PEC-1.50-1x was observed. This means that both dispersions lost around 85 % of 
the initial charges after first centrifugation, which thereupon were assumed to be 
predominantly in the supernatant. These charges can be attributed to excess polyelectrolyte 
and primary complexes. The second centrifugation resulted in a further decrease of the 
number of charges with respect to the initial dispersion for the PEC-0.66-2x (4 %) and the 
PEC-1.50-2x (6 %). Gravimetric measurements on the dried PEC-0x, PEC-1x and PEC-2x 
dispersions revealed also a subsequent loss of polymer material from 100 % to 14 % to 7-8 %, 
respectively, upon centrifugation. Since charge and polymer loss are correlated for that 
system, it can be assumed that centrifugation predominantly serves for the removal of highly 
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charged excess polyelectrolyte and small sized primary complexes, as the similarly results 
were pointed out therein [102] for the PDADMAC/PMA-MS system. 
 
Tab. 3-10. Charge amount (per 0.5 ml) and dry mass of the protein free and protein loaded 
(cPROT = 0.091mg/mL) PEC-0.66 (titrated by low molecular PVS) and PEC-1.50 (titrated by 
low molecular PDADMAC) dispersions of PDADMAC/PSS in dependence of the 
centrifugation step. 
 Charge amount / [mL]  Dry mass / [g] 
 PEC-0.66 PEC-1.50 PEC-0.66 PEC-1.50 
PEC-0x 0.431 + 0.020 
(100 %) 
0.261 + 0.020 
(100 %) 
0.0440 + 0.0010 
(100 %) 
0.0417 + 0.0010 
(100 %) 
PEC-1x  0.068 + 0.002 
(16 %) 
0.040 + 0.002 
(15 %) 
0.0059 + 0.0020 
(14 %) 
0.0058 + 0.0005 
(14 %) 
PEC-2x 0.016 + 0.005 
(4 %) 
0.017 + 0.002 
(6 %) 
0.0036 + 0.0010 
(8 %) 
0.0030+0.0010 
(7 %) 
PEC-1x-protein 0.088 + 0.005 
 (LYZ) 
0.059 + 0.005 
(HSA) 
0.0152 + 0.0010 
 (LYZ) 
0.0157 + 0.0010 
(HSA) 
PEC-1x-protein 
-1x 
0.043 + 0.005 
(LYZ) 
0.032 + 0.005 
(HSA) 
0.0044 + 0.0010 
(LYZ) 
0.0034 + 0.0005 
(HSA) 
 
3.2.1.2 Size of PEC dispersion 
 Furthermore DLS was used to characterize the size properties of PEC-PDADMA/PSS. 
Typical results of DLS experiments in dependence of the centrifugation step are given in the 
figure 3-38a and 3-38b, respectively. There the intensity weighted distributions of the 
hydrodynamic diameter DI for the PEC-0x, PEC-1x and PEC-2x for both mixing ratios (0.66 
and 1.50), respectively, are given and the obtained values for DI as well as the z-average 
values DZ are summarized in table 3-11. The DZ values of the pure PEC will be compared to 
PEC/protein particles below. 
Significantly, a narrowing of the distributions can be obtained for both mixing ratios in 
dependence of the centrifugation step. Thereby, freshly prepared PEC-0.66-0x showed a broad 
distribution around a maximum at 318 nm and a high polydispersity index PDI = 0.38.  
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(a) 
 
(b) 
Fig. 3-38. Intensity weighted distribution of the particle hydrodynamic diameter DI in the 
PEC-PDADMAC/PSS dispersion before (PEC-0x), after first (PEC-1x) and second 
centrifugation (PEC-2x) for PEC-0.66 (a) and PEC-1.50 (b) 
 
Tab. 3-11. Particle hydrodynamic diameter given as maximum of the intensity weighted 
distribution DI and as the z-average value DZ and the polydispersity index (PDI) for PEC-0.66 
and PEC-1.50 of PDADMAC/PSS in dependence of the centrifugation step (PEC-0x, PEC-1x, 
PEC-2x).  
PEC-0.66 PEC-1.50 Centrifugation 
step DI  / [nm] DZ / [nm] PDI DI / [nm] DZ / [nm] PDI 
PEC-0x 318 +18 223 +8 0.38 302 + 12 205 +10 0.37 
PEC-1x 250 +9 219 +3 0.06 233 + 9 211 +5 0.09 
PEC-2x 251 +3 223 +12 0.04 220 + 8 217 +6 0.03 
 
After one time centrifugation, PEC-0.66-1x dispersion showed a more narrow distribution 
around 250 nm and the polydispersity index decreased to PDI = 0.06 and for PEC-0.66-2x a 
further decrease to PDI = 0.04 under conservation of the particle diameter (251 nm) occurred. 
Similar trends were observed for the PEC-1.50 dispersion, where the particle diameter 
decreased from DI = 302 to 220 nm and the polydispersity from PDI = 0.37 to 0.03 for the 
freshly prepared PEC-1.50-0x to the two times centrifuged PEC-1.50-2x dispersion, 
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respectively. 
Obviously, PEC-1.50 particles were smaller than PEC-0.66 particles for all centrifugation 
steps, which might be explained by the different molecular weights of the respective excess 
polyelectrolytes (PDADMAC: 300.000g/mol; PSS: 70.000g/mol). Presumably, higher 
molecular weight PDADMAC formed a larger shell in PEC-0.66 compared to the shell of 
lower molecular weight PSS in PEC-1.50. A similar trend was observed previously, for the 
PDADMAC/PMA-MS system [102]. Although for PEC-0.66 and PEC-1.50 of 
PDADMAC/PSS the smaller sized so called primary PEC particles (DI  < 20 nm), as was 
shown for PDADMAC/PMA-MS [102], could not be directly detected, their presence and 
subsequent removal or merging by centrifugation can be assumed and led to final secondary 
PEC-2x particles with constant hydrodynamic diameters of DI = 250 nm and 220 nm, 
respectively. Presumably, for the PDADMAC/PSS system the primary PEC particles were too 
small to be detected by the used DLS device. As for the PDADMAC/PMA-MS system we 
also claim dispersive interactions as crucial for the internal PEC stability of the 
PDADMAC/PSS system, presumably mediated by the phenyl residues present in both 
systems. To explain that the maxima shifts with the number of centrifugation cycles was more 
pronounced for PEC-1.50 (302 - 233 - 220 nm) than for PEC-0.66 (318 - 250 - 251 nm), a 
quasi equilibrium situation between excess polyelectrolyte in the solution and adsorbed in the 
periphery of the PEC particle can be assumed. Based on that more excess polyelectrolyte 
might be bound for uncentrifuged PEC-0x compared to PEC-2x, where the excess 
polyelectrolyte concentration should be strongly diminished.  
 
3.2.1.3 Morphology of PEC dispersion 
 AFM was additionally used to acquire size information on the PEC particles. Figure 3-39 
shows the topography images of PEC-0.66-2x (Figure 3-39a) and PEC-1.50-2x (Figure 3-39b) 
dispersions, which were spin coated and dried on silicon wafers.  
 Obviously, both PEC-1.50 and PEC-0.66 particles showed surface projections of circles 
with quite uniform sizes. To obtain information on their three dimensional shape, particle 
profiles were created, which are additionally given in the figure 3-39a and 3-39b, respectively. 
Generally, these profiles show a certain deformation of the deposited PEC particles, so that 
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the width appears to be considerably larger compared to the height. The obtained values of the 
width (W) and the height (H) as well as the ratio of both Q = W/H, which represents an 
empirical deformation parameter, are summarized in the table 3-12. Additionally, assuming 
half spherical shapes of the deformed particles the hypothetical diameter DHYP = 2R of the 
corresponding undeformed sphere can be calculated by equating the volumes of a spherical 
cap VCAP (eq. 3-6) and of a sphere VSPH (eq. 3-7) to obtain eq. 3-8: 
VCAP = 1/6 π H (3 W2 + H2)        eq.3-6 
VSPH = 4/3 π R3          eq.3-7 
R = (3/8 H W2 +1/8 H3)1/3        eq.3-8 
 
Included are also size and shape parameters of PEC/protein conjugates, which will be 
discussed in the related section below. 
 
 
(a) 
 
 
(b) 
Fig. 3-39. AFM topography images of refined PEC-PDADMAC/PSS particles (topography 
mode on spin coated samples on silicon wafers) for PEC-0.66-2x (a) and PEC-1.50-2x (b). 
Additionally particle profiles from these images are given for both samples at the bottom. 
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First of all, the refined PEC-0.66 were larger than the PEC-1.50 particles in terms of the 
width of the deposit (W = 214, 211 nm, respectively) as well as the hypothetical diameter 
(DHYP = 197, 188 nm, respectively). Being aware of the high error values, this is in the lines 
of the DLS results. Comparing directly the widths and hypothetical diameters of PEC-0.66 
and PEC-1.50 with those obtained by DLS (DZ = 223, 217 nm, respectively) the particle sizes 
obtained by AFM were around 3 - 13 % smaller. This deviation between AFM and DLS 
analysis results is supposed to be mainly due to the difference between the dry and wet state 
of the particles. Obviously, PEC particles shrink to a certain extent due to water loss by drying, 
characterizing the particles rather as solid- than liquid like in the dispersed state as was 
outlined similarly for the PDADMAC/PMA-MS system therein [102]. 
 
Tab. 3-12. Width (W), height (H), deformation parameter Q and hypothetical diameter DHYP 
of deposited pure PEC particles and PEC/protein particles of PDADMAC/PSS as found by 
AFM. 
 Sample W / [nm] H / [nm] Q = W/H DHYP / [nm] 
PEC-0.66-2x 214 + 21  141 + 16 1.52 197 + 21 
PEC-1.50-2x 211 + 20 131 + 17 1.61 188 + 22 
PEC-0.66-1x-LYZ-1x 221 + 32 136 + 26 1.62 196 + 34 
PEC-1.50-1x-HSA-1x 252 + 19 127 + 16 1.98 201 + 20 
PEC-1.50-1x-MYO-1x 223 + 13  133 + 17 1.68 194 + 18 
 
3.2.2 Properties of PEC/protein conjugates 
 In the following the PEC particles characterized above were subjected to protein 
adsorption.  Four different protein concentrations cPROT = 0.010, 0.024, 0.048 and 0.091 
mg/mL were applied on PEC-1x particles for 16 h (PEC-1x-protein) followed by 
centrifugation, decantation of the supernatant and redispersion of the coacervate phase 
(PEC-1x-protein-1x). HSA, MYO and LYZ were chosen as proteins, whose properties are 
listed in table 3-13. 
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 Generally, for the preparation of stable PEC particles, it was found that only negatively 
charged HSA and MYO (given the IEP and the applied pH) could be added to like charged 
PEC-1.50 particles, while only positively charged LYZ could be added to PEC-0.66 particles. 
Adding charged proteins to dispersions of oppositely charged particles led to unstable 
dispersions, phase separation and flocculation. To check if under such repulsive conditions 
proteins are adsorbed, colloid titration, gravimetry, circular dichroism (CD) spectroscopy, 
DLS and AFM were applied. 
 
Tab. 3-13. Properties of HSA, MYO and LYZ due to charge and size. 
Proteins            IEP         Mw/[g/mol]        Size/[nm3] 
HSA            4.8         66.000        3.8 x 3.8 x 15 
MYO          6.8             17.300           4.4 x 4.4 x 2.5 
   LYZ           11.1         14.400         4.5 x 3.0 x 2.5    
          
3.2.2.1 Charge and mass of PEC/protein conjugates 
 The colloid titration data are given in table 3-10 above (last two rows). In principle, 
adding LYZ to PEC-0.66-1x and HSA to PEC-1.50-1x of PDADMAC/PSS, respectively, 
resulted in an increase of charge amount from 0.068 mL consumed titrator for PEC-0.66-1x to 
0.088 mL for PEC-0.66-1x-LYZ and from 0.040 mL (PEC-1.50-1x) to 0.059 mL 
(PEC-1.50-1x-HSA). The dry mass of the dispersions showed the same trend as the charge 
amount: increase from 0.0059 g to 0.0152 g for PEC-0.66-1x-LYZ and from 0.0058 g to 
0.0157 g for PEC-1.50-1x-HSA, which is due to the addition of protein and PBS buffer. 
Centrifugation, decantation and redispersion (PEC-1x-protein-1x) diminished the charge 
amount to approximately 50 % of the original charge (PEC-1x-protein), while the dry mass 
per volume was reduced to around 29 % and 21 % for LYZ and HSA, respectively. 
Comparing PEC-1x-protein-1x with PEC-2x (both were centrifuged two times and are thus 
comparable) an increase with respect to charge amount from 0.016 ml to 0.043 ml (PEC-0.66) 
and from 0.017 ml to 0.032 ml (PEC-1.50) as well as to dry mass (0.0036 g to 0.0044 g, 
0.0030 g to 0.0034 g, respectively) was obtained. From this one can take qualitative evidence 
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for uptake of proteins by PEC particles under repulsive conditions. Additionally, from colloid 
titration it could be concluded, that the charge sign of PEC/protein particles in comparison to 
the respective pure PEC particles was conserved and that the unbound proteins were separated 
by centrifugation. 
 
3.2.2.2 Protein loading ability of PEC dispersion 
 For quantitative determination of adsorbed protein amount the depletion of the protein in 
the PEC/protein dispersion upon interacting with PEC particles was measured. CD 
spectroscopy was used as the detection method due to its high sensitivity to proteins in 
solution. In principle, at first spectra of pure protein solutions with concentrations cPROT = 
0.091, 0.048, 0.024 and 0.010 mg/mL used for the adsorption onto PEC particles were 
measured, which resulted in different intensities of typical protein peaks at 192, 208, 222 nm 
linearly scaling with cPROT. Then spectra of the supernatant phases obtained after interaction 
of PEC particles with proteins at the same cPROT were measured. Both series of spectra are  
                       
 
Fig. 3-40a. Typical CD spectra of protein 
(HSA) solutions without  PEC and of the 
supernatant after PEC-PDADMAC/PSS 
interaction. The difference can be related to the 
depleted protein amount (cPROT= 0.091, 0.048, 
0.024, 0.01 mg/mL).  
Fig. 3-40b. Difference of CD intensity between 
original protein solution and the supernatant 
after adsorption at the same cPROT  for HSA, 
MYO and LYZ at PEC-PDADMAC/PSS: 
PEC-1.50-1x + HSA, PEC-1.50-1x + MYO, 
PEC-0.66-1x + LYZ. 
Polyelectrolyte Complex Nanoparticles 
 
 102
shown in the figure 3-40a. The straight lines correspond to the spectra of HSA in the free 
solution, while the dotted lines are related to HSA left in the supernatant for cPROT = 0.01 to 
0.091mg/mL (top to bottom). The difference of CD intensities for respective concentrations 
was related due to the depleted amount of protein in the dispersion. In figure 3-40b the 
difference in CD intensity is plotted versus the protein concentration. At first, for HSA and 
MYO obviously the depleted protein amount increased with increasing protein concentration 
leading to a saturation at values higher than 0.1 mg/mL, while the concentration dependence 
of LYZ is indifferent. Secondly, for cPROT = 0.091 mg/mL the depleted protein amount 
decreased qualitatively in the following order: HSA > MYO > LYZ. Based on calibration 
plots (cPROT versus CD intensity) for each of the protein, quantitative values can be given for 
the mass of bound protein per mass of PEC particles. For that the coacervate phase of PEC-2x 
was considered as a reference for the unbound state, since this phase was, similar to that of 
PEC-1x-protein-1x, also two times centrifuged (see Experimental). The mass uptake of HSA, 
MYO and LYZ for the PDADMAC/PSS system is summarized in the table. 3-14.  
 
Tab. 3-14. Protein uptake related to the protein mass per mass of PEC-2x particles in the 
coacervate phase (w/w) at cPROT = 0.091mg/mL for PDADMAC/PSS and 
PDADMAC/PMA-MS based on CD depletion method. 
 HSA / [g/g] MYO / [g/g] LYZ / [g/g] 
PEC-PDADMAC/PSS 0.23 + 0.02 0.15 + 0.02 0.12 + 0.01 
PEC-PDADMAC/PMA-MS 0.33 + 0.03 0.19 + 0.02 0.15 + 0.02 
 
 Additionally, estimated protein uptakes are given for the system PDADMAC/PMA-MS 
system. All of the three proteins showed a considerable higher uptake compared to the 
PDADMAC/PSS system. For the negatively charged PEC-1.50 particles this can be explained 
by the different charge density of PSS compared to PMA-MS in the outermost shell. Since 
PSS as the stronger polyanion (monmomer charges are independent on pH) might expose 
more charged groups leading also to higher chain stretching compared to the weak PMA-MS, 
the repulsion towards negatively charged HSA or MYO might be more pronounced and less 
protein is bound. Additionally, the higher molecular weight of PSS (70.000 g/mol) compared 
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to PMA-MS (7.500 g/mol) might also contribute leading to a thicker negatively charged shell 
of the PEC-1.50 particles more repulsive to HSA and MYO. Finally, PMA-MS as a 
copolymer of maleic acid (only one carboxyl group is dissociated) has the lower intrinsic 
charge density (charges are more distant) compared to PSS. For PEC-1.50 particles this 
results also in a weaker charge state with less repulsion towards acidic proteins like HSA and 
MYO.   
 
3.2.2.3 Size of PEC/protein conjugates 
 Additionally, dynamic light scattering was applied to give further information on the 
interaction between proteins and PEC particles. In the figure 3-41 the z-average values DZ of 
PEC/protein particles are given in dependence of cPROT for the PDADMAC/PSS (a) and for 
the PDADMAC/PMA-MS system (b). Again the negatively charged proteins HSA and MYO 
were mixed with the PEC-1.50-1x and LYZ with the PEC-0.66-1x dispersion followed by 
centrifugation. The identical samples with respect to the CD measurements above were used. 
 
 
(a) 
 
(b) 
Fig. 3-41 Z-average values DZ of (a) PEC-PDADMAC/PSS and (b) 
PEC-PDADMAC/PMAMS mixed with HSA, LYZ and MYO solutions after one time 
centrifugation (PEC-1x-protein-1x) in dependence of the protein concentration (the error bars 
are related to the standard deviation of three different experiments). 
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It has to be noted, that the PDI values of the studied PEC and PEC/protein samples before and 
after centrifugation were low and approximately constant, so that size variations might be 
attributed directly to protein interaction. 
First of all for the PDADMAC/PSS system (figure 3-41a) increasing the protein 
concentration from cPROT = 0.01 to 0.091 mg/mL, resulted in a small increase of PEC-1.50 
particle size from DZ ≈ 195 to 200 nm for HSA and in a very small increase from DZ ≈ 195 to 
198 nm for MYO. Whereas, the size of PEC-0.66 particles interacted with LYZ approximately 
kept constant or even decreased with increasing cPROT. The following qualitative trend for the 
increase of DZ upon protein interaction for the PDADMAC/PSS system was concluded: HSA 
> MYO > LYZ.  
For the PDADMAC/PMA-MS (figure 3-41b) system the addition of proteins resulted 
qualitatively in the same trend as for PDADMAC/PSS, but the relative size enlargements 
upon increasing cPROT = 0.01 to 0.091 mg/mL were around 5 times higher. In that interval, 
HSA showed a very large and MYO a large increase of the particle diameter from DZ ≈ 180 to 
210 nm and  DZ ≈ 180 to 200 nm, respectively. This difference between the two PEC 
systems used was also found by the CD depletion measurements and the same arguments 
considering the different charge densities and molecular weights of PSS and PMA-MS are 
valid for anionic PEC-1.50 particles. Furthermore, for both systems LYZ interaction with 
PEC-0.66 resulted in a decrease of particle size in the given concentration interval, being 
more pronounced for PDADMAC/PMA-MS compared to PDADMAC/PSS. Taking into 
account the obvious uptake found by CD depletion method, LYZ sorption might be saturated 
even at low cPROT and it can be speculated, whether the further increase of cPROT might also 
influence the Debye length of the system, which could have additional consequences on the 
particle size (see above). Furthermore, the protein sizes given in table 3-13 might be also 
considered. Presumably, HSA being the largest among the three proteins preferentially binds 
at the shell, whereas the smaller globular proteins MYO and LYZ may migrate further into the 
core of the PEC particles, which is critically addressed in the conclusion below. This 
hypothesis would suggest large increases of the particle diameter found by DLS for HSA and 
lower ones for MYO and LYZ, which is qualitatively in the lines of the experiments. However, 
since e.g. MYO shows also a high increase in the particle diameter of PEC-1.50 for 
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PDADMAC/PMA-MS but none for PDADMAC/PSS, additional contributions to this 
complex process have to be included. 
At that point it has to be asked, which is the appropriate reference for the PEC/protein 
particles or in other words which particle size has to be considered for cPROT = 0 mg/mL, i.e. 
the state before protein interaction. Since the protein solutions contain PBS in the same 
concentration (mg/mL) as the protein itself the most appropriate reference size seems to be 
that of PEC-2x in contact to pure water. According to that the initial size (at hypothetical 
cPROT = 0 mg/mL) in the figure 3-41a would be DZ = 223 nm for PEC-0.66 and 217 nm for 
PEC-1.50 of PDADMAC/PSS (table 3-11). However, at cPROT = 0.01 mg/mL the DZ values 
were significantly lower in both cases. This can be explained on the one hand by the presence 
of PBS, which decreases the Debye length, so that the respective polyelectrolyte in the 
outermost shell might adopt a more coiled conformation leading to overall particle shrinking. 
To check for that influence, the size of PEC-0.66 and PEC-1.50 particles in the presence of 
PBS buffer after centrifugation were determined and the sizes 222 nm and 206 nm were 
obtained, respectively, which both are still larger in comparison to the PEC/protein conjugates 
at cPROT = 0.01 mg/mL. Hence, on the other hand one can speculate on an additional influence 
of the protein solution on the Debye length (thus the particle size) by the net increase of 
charged species (proteins and ions) in the medium. From this one can conclude, that the zero 
state before protein interaction is difficult to define and that the size variations of PEC 
particles found by DLS can not be taken quantitatively, but provide rather qualitative 
informations in terms of protein uptake. 
 
3.2.2.4 Morphology of PEC/protein conjugates 
AFM was performed on dry spin coated films of PEC/protein conjugates for HSA, MYO 
and LYZ and the PDADMAC/PSS system. The identical samples of the DLS experiments, 
which were prepared at cPROT = 0.091 mg/mL, were used. The resulting images in the 
topography mode are given in the figure 3-42a-c, respectively. 
The PEC/protein particles show circular shapes on the projection of the surface, which 
were similar to the pure PEC particles before protein interaction shown in figure 3-39. This 
qualitatively proves, that PEC/protein conjugates do not flocculate under repulsive conditions 
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and approximately conserve their morphology upon protein uptake. The size parameters 
obtained by AFM profile analysis are summarized in the table 3-12, which was introduced 
above. Similarly to the DLS measurements, no or only a low size enlargement was found for 
the PEC/LYZ conjugate (W = 214 nm, DHYP = 197 nm) in comparison to the PEC-0.66-2x 
particles (W = 221 nm, DHYP = 196 nm). This might be attributed to the low uptake in the 
periphery or to a considerable uptake in the interior of the PEC-0.66, without changing the 
size significantly, which is supported by CD depletion and DLS measurements. However, for 
the PEC/HSA a significant enlargement from W = 211 to 252 nm and from DHYP = 188 to 201 
nm with respect to the pure PEC-1.50-2x particles was obtained, while the size enlargement 
from  W = 211 to 223 nm and from DHYP = 188 to 194 nm for PEC/MYO was moderate but 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 3-42. AFM images (topography) of PEC-PDADMAC/PSS/protein conjugates prepared at 
cPROT = 0.091 mg/mL: (a) PEC-1.50-HSA, (b) PEC-0.66-LYZ and (c) PEC-1.50-MYO. PEC 
particles were coated on silicon wafers by spin coating. 
 
more pronounced than for PEC/LYZ. Hence the order of size enlargement was again 
PEC/HSA > PEC/MYO > PEC/LYZ, which is in qualitative accordance to the CD and DLS 
data discussed above. However, unlike the DLS, the AFM results clearly indicated size 
enlargements of PEC/HSA and PEC/MYO with respect to the reference state of the pure PEC 
particles. Presumably, this is due to the lack of aqueous medium i.e. Debye length effects for 
the dry compared to the dispersed samples. Furthermore, a certain correlation between the 
deformability parameter Q and the degree of protein binding was observed. While initially the 
pure PEC particles have values of Q = 1.52 and 1.61 for PEC-0.66 and PEC-1.50, the 
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corresponding values for the PEC/protein particles are significantly larger, being maximum 
for the PEC/HSA conjugate (Q = 1.98). Presumably, the PEC/HSA particle is more adaptive 
to the surface in comparison to the solid-like pure PEC particle due to the peripherally bound 
HSA. 
 
3.2.2.5 Protein adsorption on PEC film 
PEC/protein interaction was also studied by measuring adsorption of HSA and LYZ at 
spin coated films of PEC nanoparticles at the planar solid/liquid interface. For that both 
PEC-0.66 and PEC-1.50 particles of PDADMAC/PSS were used. It has to be noted, that 
although the particle films appeared as homogeneous bright blue films, bare zones between 
the nanoparticles were identified by AFM, which might cause unspecific adsorption at the 
bare silica surface. In-situ ATR-FTIR spectroscopy was applied to monitor protein adsorption 
kinetics. Figure 3-43 shows typical ATR-FTIR spectra recorded during LYZ adsorption at the 
PEC-1.50 particle film. Significantly, the amide I (1653 cm-1) and amide II (1540 cm-1) band 
intensities increased with adsorption time, which can be taken as a direct measure for protein 
adsorbed amount. Furthermore no negative peaks (e.g. around 1600 cm-1 for ν(C=C) or 1200 
cm-1 for ν(SO2) due to PSS) assignable to PEC particles were obtained during the course of 
protein adsorption, which is a proof for the stability of the PEC films (PEC-0.66, PEC-1.50). 
For a direct comparison between the adsorption kinetics of the proteins LYZ and HSA at 
particle films of PEC-0.66 and PEC-1.50, the integrated band areas of the amide II band are 
plotted versus adsorption time as open or closed triangle or square symbols in the figure 3-44. 
The solid lines represent least square fits of the data by an analytical function of the following 
type: 
                         A(t) = A0 (1 - exp(-k t))        eq.3-9 
At first, adsorption was concluded for all PEC/protein combinations, which could be 
represented empirically by a single exponentially damped function. Kinetic constants k of 
around 0.5 min-1 for all cases gave evidence of a rather rapid adsorption kinetics. Secondly, 
adsorption under attractive conditions (LYZ + PEC-1.50, HSA + PEC-0.66) resulted in higher 
adsorbed amounts compared to adsorption under repulsive conditions (LYZ + PEC-0.66, HSA  
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Fig. 3-43. Typical series of ATR-FTIR 
spectra, measured during the adsorption of 
LYZ (1 mg/mL, PBS, pH = 7.3) onto the spin 
coated film of PEC-1.50 of PDADMAC/PSS.
Fig. 3-44. Adsorption kinetics of  HSA and 
LYZ (1 mg/mL, PBS, pH = 7.3) onto spin 
coated films of PEC-1.50 and PEC-0.66 of 
PDADMAC/PSS: LYZ + PEC-1.50  (■), LYZ 
+ PEC-0.66 (□), HSA + PEC0.66 (∆), HSA  + 
PEC-1.50 (▼). 
 
+ PEC-1.50). This is not that trivial as it appears, since this is a proof, that deposited 
PEC-0.66 and PEC-1.50 particles obviously expose positive and negative charge at the 
surface, respectively. Hence, spin coating of PEC particles can be used to modify surfaces and 
to control protein interaction and modify the surface in a specific way. Analogously, specific 
and even selective defined protein uptake was already shown for the related commonly known 
polyelectrolyte multilayers (PEM) [151,175,176], initiated by Decher, which however require 
multiple consecutive adsorption steps. Thirdly, LYZ seems to react more specifically than 
HSA, since it reveals the highest adsorbed amount at the PEC-1.50 (0.39 cm-1) and the lowest 
at the PEC-0.66 (0.08 cm-1) particle film. Whereas, for HSA the difference in the adsorbed 
amount between PEC-0.66 (0.32 cm-1) and PEC-1.50 (0.18 cm-1) is not that pronounced. An 
explanation for that could be again the thicker positively charged shell for PEC-0.66 particles 
(PDADMAC) compared to thinner negatively charged shell for PEC-1.50 particles (PSS). 
Presumably, LYZ is thus repelled to a higher extent at PEC-0.66 compared to HSA at 
PEC-1.50 and further short range nonelectrostatic interaction is allowed for HSA. Also the 
larger deviation between IEP and applied pH = 7.3 for LYZ (IEP = 11.1) compared to HSA 
(IEP = 4.8) could cause more pronounced electrostatic repulsion for LYZ. Finally, comparing 
LYZ and HSA adsorption under repulsive conditions (PEC-0.66 and PEC-1.50) at the PEC 
particle film with that at the PEC particle dispersion the same trend was obtained. In both 
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cases HSA was stronger bound under repulsive conditions. 
 
3.2.3 Enantiosepecific adsorption on PEC dispersion 
 
Fig. 3-45 z-average values DZ of PEC-PLL/PSS-2x and PEC-PDL&PSS-2x mixed with 
D-PANT solutions after 1x centrifugation (PEC-2x-PANT-1x) in dependence of the protein 
concentration. 
 
The PEC particles were also used for enantiospecific interaction experiments. Because 
of the low sensitivity of GLU and ASC in the CD measurement, D-pantothenic acid (D-PANT) 
was used as chiral probe. Two PECs with different chirality (PEC-PLL/PSS-0.66 and 
PEC-PDL/PSS-0.66) were prepared for the enantiospecific interaction. Figure 3-45 shows the 
DLS results of the z-average values DZ of PEC/PANT particles in dependence of cPANT for the 
PEC-PDL/PSS (red) and for the PEC-PLL/PSS (blue) systems, after interacting with D-PANT, 
the DZ of PEC-PDL/PSS system increased from 230 nm (0 M PANT) to 237 nm (0.01 M 
PANT), whereas the DZ increased from 227 nm (0 M PANT) to 255 nm (0.01 M PANT) for 
PEC-PLL/PSS system. The size of PEC-PLL/PSS-PANT particles was obviously larger 
compared to the PEC-PDL/PSS-PANT particles. A similar result was found by CD depletion 
measurement: at 0.01 M PANT, the CD intensity (214 nm) of non-adsorbed PANT left in SUP 
phase was 174.2 mdeg for PEC-PLL/PSS-PANT and 176 mdeg for PEC-PDL/PSS-PANT, 
while the original intensity of 0.01 M PANT is 179.4 mdeg. Therefore, the intensity of 
adsorbed PANT is around 5.2 mdeg for PEC-PLL/PSS-PANT and 3.4 mdeg for 
PEC-PDL/PSS-PANT. Using eq.2-1, the enantiospecificity of the PEC system is obtained: ca. 
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53 %, which is much larger than the enantiospecificity in the ATR-FTIR measurements. The 
reason could be due to the larger surface area of PEC particles compared to PEM film, and the 
larger size of PANT molecules compared to ASC and GLU could also be a positive factor.  
 
3.2.4 Summary 
• Monomodal PEC nanoparticles were prepared by mixing polycations (PDADMAC, PLL) 
and polyanion (PSS, PMA-MS) at the molar ratios of 0.66 and 1.50 followed by 
consecutive centrifugation, decantation and redispersion steps, which significantly 
decreased the polydispersity of the dispersion.  
• The proteins HSA, LYZ and MYO were bound to such refined PEC particles in aqueous 
dispersion and as spin coated films. For the aqueous dispersion, stable monodisperse 
PEC/protein conjugates could be formed under electrostatic repulsive conditions between 
protein and PEC varying cPROT, which is related to concepts of mild enzyme or protein 
binding at nonbiogenic substrates. Under attractive conditions flocculation occurred. 
• Quantitatively, CD, DLS and AFM measurements suggested protein uptake and size 
enlargement of PEC particles of PDADMAC/PSS and PDADMAC/PMA-MS in the 
following order: HSA > MYO > LYZ. Protein uptakes up to 0.33 g/g (protein/PEC) (CD) 
and particle diameter enlargements up to 13 nm (AFM, DLS) were obtained at cPROT = 
0.091 mg/mL.  
• Explanations of this qualitative protein binding sequence are complex involving the IEP, 
the size and the hydrophobicity of the protein as well as the polyelectrolyte charge and the 
conformation affecting the outermost PEC shell. Presumably, PEC-0.66 exposing cationic 
high molecular weight PDADMAC in the shell could expose a higher charge, so that LYZ 
was stronger repelled, while for PEC-1.50 the lower molecular weight of both polyanions 
caused smaller repulsion towards HSA and MYO. Furthermore, the lower charge density 
of PMA-MS compared to PSS in the shell of PEC-1.50 can cause a higher protein binding 
due to lower long range electrostatic repulsion allowing additional short range attraction 
forces. 
• Protein interaction studies at novel spin coated PEC films were introduced. Under 
repulsive conditions HSA was stronger adsorbed than LYZ, while under attractive 
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conditions LYZ was stronger adsorbed than HSA, which can be explained by the higher 
charge amount of LYZ at pH = 7.4 compared to HSA. 
• Still the questions are open, how proteins are bound to like charged PEC particles and 
where they are located. Concerning the first point dispersive interaction between 
hydrophobic moieties of protein and polyelectrolyte (i), electrostatic attraction between 
charged protein patches and the oppositely charged shell of PEC particles (ii), electrostatic 
attraction between protein net charge (or individual patches) and buried incompensated 
opposite charges not in but close to the shell of the PEC particle (iii) could be considered. 
Furthermore counterion release force (iv) might be considered to explain protein binding 
under repulsive conditions, which was recently raised by Ballauff and coworkers for the 
protein interaction of spherical polymer brushes (SPB) composed of a PS core and 
polyanion hairs. 
• Chiral PEC particle of PLL/PSS showed a significant higher uptake of D-PANT (Vitamin 
B5) compared to PEC-PDL/PSS. The enantiospecificity of them is around 53% 
determined by size enlargement (DLS) and adsorbed amount (CD). 
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CONCLUSION 
 
 This work has been focused on the specific binding behaviour of polyelectrolyte 
complexes, especially in the context of enantiospecific separation and protein binding. In 
order to accomplish the tasks, two steps were performed in the experiments. The first step was 
to prepare and characterize chiral/non-chiral polyelectrolyte multilayer (PEM) systems and 
chiral/non-chiral polyelectrolyte complex nanoparticle (PEC) systems which were used as 
substrates for further specific binding. The second step was to investigate the enantiospecific 
interaction and protein binding between prepared substrates and low molecular chiral 
compounds or proteins. The expectation with respect to such enantiospecific interaction was 
to develop a the novel enantioseparation method, explore its influencing factors, and show 
potential applications. The other expectation was to develop protein binding systems, which 
can be used as drug carriers. 
 
With regard to the preparation of polyelectrolyte complex, PEM were successfully 
prepared by consecutive adsorption of oppositely charged polyelectrolytes, which was 
monitored by ATR-FTIR and AFM. Different polycations and polyanions were used and 
compared. PEM deposited from high ionic strength solutions resulted in high thickness and 
roughness, while thin PEM films with low roughness were obtained from salt free solutions. 
Additionally, charge density, molecular weight and polyelectrolyte type influenced the PEM 
formation. PEM with oriented morphology was achieved by depositing α-helical PLL and 
small sized PSS on texturized surface.  
Monomodal PEC dispersions were prepared by mixing polycations and polyanions at the 
molar ratios of 0.66 and 1.50 followed by consecutive centrifugation, decantation and 
redispersion steps, which significantly decreased the polydispersity of the dispersion.  
 
With regard to the PEM system, enantiospecificity of non-chiral/chiral PEMs to small 
chiral probes was investigated. Furthermore, the enantiospecific interaction to proteins was 
included. 
 The adsorbed amount of chiral probes from solution onto the deposited PEM and the 
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enantiospecificity SE value of PEM towards amino acids L/D-GLU and vitamin L/D-ASC 
were determined via analysing and comparing typical IR band integrals (ABOUND). Generally, a 
reversible enrichment of chiral probes in or at the PEM was obtained under attractive 
electrostatic interaction (e.g. PEM-9), whereas no adsorption was found under repulsive 
electrostatic interaction (e.g. PEM10). 
 The deposited PEM films showed different enantiospecificities (SE = AL/(AL+AD) for 
optically active model probes like amino acids or vitamins in aqueous solutions. Nonchiral 
PEM (PEI/PVS) showed neither enantiospecificity for L/D-GLU and nor for L/D-ASC. Chiral 
PEM of PLL/PVS showed significant enantiospecificity for L/D-GLU (SE is up to 16%, D > 
L) but not for L/D-ASC. Whereas, chiral PEM of PEI-m/PVS (SE is 30%, L > D) and 
PVP-R*/PVS(PSS) (SE is up to15%, D > L) showed significant SE for L/D-ASC but not for 
L/D-GLU. Interestingly, PEM-PLL/PSS-PH10 showed enantiospecificity for both GLU (SE is 
up to 21%, D > L) and ASC (SE is up to 22%, D > L). When protein as higher molecular 
chiral compounds were used as chiral probes, chiral PEM of PDL/PSS showed a higher 
uptake of MYO compared to PEM-PLL/PSS (SE: 25%). For all PEMs, chiral recognition was 
observed between chiral selector and chiral probes with opposite chirality.  
  Generally, enantiospecificity of PEM was controlled and balanced by various factors. 
High electrostatic interaction, PLL content, thickness and surface orientation degree favored 
large enantiospecificity, whereas charge shielding and swelling weakened enantiospecificity. 
The pH value and ionic strength of chiral probes solution, which tunes charge amount of both 
PEM and probe, showed strong influence on enantiospecificity. Due to increased diffusion 
volume, the increasing thickness of PEM enhanced enantiospecificity for thin films, whereas 
enantiospecificity kept constant when PEM thickness exceeded a critical value.  
 Permeation studies at PTFE and NC membranes, which were modified by PEM of 
PLL/PSS, showed significantly higher fluxes for L- compared to D-Tryptophan. Comparing 
with other methods preparing chiral selector (grafting, casting, imprinting etc.), chiral PEM 
film showed a similar enantiospecificity value but it offered a more simple method to obtain 
flexible chiral selectors in aqueous solution. Therefore, these chiral membranes have the 
potential for the preparative enantiomer separation and could presumably be an alternative to 
traditional chiral stationary phases (CSP) based systems. 
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 With regard to the PEC system, predominantly, protein binding on PEC particles was 
investigated using DLS and CD. Furthermore, analogously to PEM, enantiospecific 
adsorption of chiral probe on PEC particles was included. 
The proteins HSA, LYZ and MYO were bound to mono-disperse PEC particles in the 
aqueous solution and as spin coated films. For the aqueous dispersion, stable monodisperse 
PEC/protein conjugates could be formed under electrostatically repulsive conditions between 
protein and PEC varying cPROT and refined by centrifugation. Under attractive conditions 
flocculation occurred. For the PEC film spin coated on the surface, under repulsive conditions 
HSA was stronger adsorbed than LYZ, while under attractive conditions LYZ was stronger 
adsorbed than HSA, which can be explained by the higher charge amount of LYZ at pH = 7.4 
compared to HSA. 
Quantitatively, CD depletion measurements showed that protein uptake by PEC particles 
of PDADMAC/PSS and PDADMAC/PMA-MS in the following order: HSA > MYO > LYZ. 
Furthermore, more proteins were bound on PDADMAC/PMA-MS compared to 
PDADMAC/PSS. The maximum uptake was 0.33 g/g (protein/PEC) for HSA at 
PDADMAC/PMA-MS. After protein binding, particle diameter enlargements up to 13 nm 
were obtained at cPROT = 0.091 mg/mL, which were measured by AFM and DLS.  
Additionally, for enantiospecific interaction, the chiral PEC consisting of PLL and PSS 
showed a higher uptake for D-PANT compared to PEC consisting of PDL and PSS, which is 
principally in line with the results of PEM systems for other probes. 
 
Conclusively, in this work, both types of polyelectrolyte complexes, PEM film and PEC 
particles, could be reproductively prepared, leading to interesting structures. Both types were 
shown to perform specific interactions to low molecular chiral probes as well as high 
molecular protein compounds. 
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Appendix 
 
As it was mentioned in the section 3.1.2.1.2. the ATR-IR spectra of GLU being in contact 
with chiral PEM (AORIG) include both bound GLU (ABOUND) at PEM and bulk GLU (ABULK) in 
solution in varying contributions dependent on z1, which is both the PEM thickness and also 
the starting z-value of a bound layer (no diffusion). Hence these ATR-FTIR spectra or the 
band integrals due to GLU have to be corrected by a spectrum of GLU solution (ABULK) in 
contact with a bare Si-IRE scaled by a certain scaling factor SF. This factor SF is dependent 
on z1 and can be calculated based on the formula of the effective thickness de (eq.2-6). The 
two limiting values are SF = 1, which is due to no PEM layer or a PEM layer which is ideally 
permeable for the analyte solution and the full subtraction of ABULK, and SF = 0, which is due 
to a thick PEM layer and no subtraction of ABULK, respectively. Therefore, in principle SF = 1 
for de (z1 = 0) and SF = 0 for de (z1 = infinity) are set. For clarification a plot of SF versus z1 is 
shown in figure 5-1.  
 
 
Fig. 5-1 The relation between scaling factor SF and position z1.  
 
Form figure 5-1, it can be found, that even for the thickest chiral PEM films used in this work (~ 
170 nm) scaling factors of SF > 0.47 have to be used to get the true band integrals of bound 
GLU. Or in other words, in the extreme case, when the PEM films were highly porous ("true" z1 
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is smaller) , so that GLU molecules from bulk solution may approach freely the IRE surface, a 
value of SF = 1 would be justified. Hence, knowing, that one can not give exact values for a 
"true" z1 value, SF values must in all cases exceed 0.47. Of course this strongly influences the 
SE (SE = AD-AL/AD) values of this study. Therefore, in all Tables SE values based on the 
measured PEM thickness (SF > 0.47) and in brackets SE values based on a full subtraction (SF = 
1) of bulk-GLU integral or spectrum are given. 
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